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3.2.8 Structures

3.2.8.1 Introduction

:-- - : :': - .:. :- .-
Q00 OQ QQ OQ 00 • 000 00

The structural analysis of the T65 vehicle was performed to establish the struc-

tural configuration and to provide detailed analysis of the structure for systems

evaluation purposes.

The first-stage structural configuration was selected on the basis of information

developed during a preceding portion of Contract NAS8-2438 which evaluated vari-

ous clustering concepts for a four-motor cluster. Second-stage trade studies were

performed for various bull_head _-_h°_ and three t__n_k.age__,concepts: clustered,

multicell, and single tank. Stress analysis of major structural components was

performed on the second stage, interstage, cluster structure, and support

structure and is presented in detail with margins of safety indicated.

Insulation requirements for base heating protection and cryogenic tankage were

established. Allowable stresses for unpressurized motor case handling and

launch pad buckling loads were determined. Vehicle loads were predicted for

wind shear plus gust, nozzles full gimbal, 20-degree angle of attack with null

nozzles, unsymmetrical tailoff, and symmetrical maximum thrust. Aerodynamic

heating temperature predictions were made for the interstage regions.

3.2.8.2 Summary

The single-tank concept was selected as the second-stage configuration, a

decision based primarily on manufacturing and cost superiority. Bulkhead

trade studies indicated that nested bulkheads produced shorter configurations

of approximately equal weight. Thrust structure mounting of the LO 2 tank

would provide a possible second-stage weight saving if dual-plane separation

were used. However, the slightly longer separate tank concept was chosen

utilizing single-plane separation and featuring relatively greater ease of fabric-

ation. The resultin_ second-stage mass fraction was 0.9025.

The clustering structure (Figure 3.2.8-1) for the six 260-inch motors con-

sisted of motorcase skirt extensions tied together by shear intercostals and

redistribution rings. Cross-beams were used to stabilize the cross section
and to redistribute axial loads. The aft end of the motor cases were tied

together by links that permit differential growth.

The vehicle was supported on the launch pad by motor case base skirts, with

three support points for each skirt and six redistribution longerons to distribute

the concentrated loads. The resulting first-stage mass fraction was 0. 8892.
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The study was conducted to select a tank configuration concept for second-stage

detail design. The concepts evaluated (Figure 3.2.8-2) are the single tank, the

multicell tank, and the clustered tank. All configurations have five M-I engines

and a total propellant capacity of 8,218,000 pounds. Relative merits of the three

concepts were evaluated from the standpoint of structural requirements, weight,

ease of manufacture and assembly, and cost effectiveness.

3.2.8.3.1 Summary

........ 4- mS ,_nl .The results of the study indieAt_ that all __ree concepts are s_ru,_'tu a, ly feasible

for second stage boosters. Table 3.2.8-1 compares the structural character-

istics of the three concepts. The weight analysis indicates the multicell tank

configuration is 8.5 percent and 38 percent lighter than the single tank and clus-

tered tank, respectively. The large weight penalty for the clustered tank concept

is due to cluster requirements and increased tank sidewall weight resulting from

eccentric axial loads in the clustered tanks. A more efficient second-stage

clustering concept might be designed if the number of second-stage tank engine

modules equaled the number of first-stage motors. The manufacturing and cost

analyses indicate that the single-tank concept has lowest manhour requirements

and lowest total development and operating cost.

SECOND-STAGE TANKAGE CONCEPTS COMPARISON

1 2 3

Single Tank Multicell Tank Clustered Tank

449,100 410,720 659,790Weight (pounds)

(Second Stage Structure)

Length (feet)

(Second Stage)

Stiffne s s

Slosh Provisions

Inter stage Transition

Development Testing

Secondary Stresses

Undetected Flaws

Cluster Structure

155.4 139 186

...... Reduced

Additional Webs Provide Additional

Requirements Baffling Requirements

--- Complex Complex

--- Increased Test- Increased Test-

ing Required ing Required

--- Inherent in ---

Design

Thicker Welds Weld Complexity More Lineal

(Hand Welds, Inches

More Lineal Inches)

Not Applicable Not Applicable Complex

Table 3.2.8-1
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The loads criteria are given in 3.2.8.6.2 for the single-tank concept. Bending

loads for the other concepts were scaled from the single-tank loads.

All three tank concepts were sized for equal ullage pressures plus thrust-

acceleration gradients. All tankage concepts required stiffening of the sidewalls

to resist the bending moments occurring during maximum-q load conditions.

With as-welded allowables in the weld zones, 2219-T87 material properties were

used for all base metal shell structure (see 3.2.8.6.3.3). Unwelded material

used was 7075-T6. To simplify the analysis, proof test design requirements

were not considered for this trade study.

3.2.8.3.3 Single Tank

The single tank concept, Figure 3.2.8-2, utilized tapered waffle pattern stif-

fening in the LH 2 tank sidewalls. The heads were of constant thickness. The

LO 2 tank was an off-loaded configuration, using 70.7- and 80-percent elliptical
heads. The thrust structure consisted of crossbeams attached to a skin-

stringer cone frustum.

The skin thickness requirements for this configuration are indicated in Figure

3.2.8-2. The maximum base metal thickness is 0. 618 inch, which would require
a weld thickness of 1.236 inches. The large Y ring will require considerable
development to establish fabrication methods.

3.2.8.3.4 Clustered Tanks

The clustered tank concept, Figure 3.2.8-2, utilized tapered milled stringer

stiffening in the sidewalls. The percent sidewall stiffening required for this

configuration was greater than for the other concepts because of the greater
shell loading per inch. This high loading was a direct result of the smaller

effective cross section resisting bending and the eccentric axial load distribu-

tion caused by the interstage attachment to the outer edge. A trade was not

performed on the additional cluster structure required to remove the eccentric

load versus the tank penalty required to react the load.

Additional structural complexity is introduced in this concept because of the

clustering requirements. A cluster structure is required at both ends of the

second stage to provide shear continuity in the stage.

The maximdm thickness of base metal in this design is 0. 355 inch, which would

require a weld thickness of 0. 710 inch. The Y-ring requirements would be

considerably less than for the single-tank concept.

III-5
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The multicell tank concept, Figure 3.2.8-2, used tapered waffle stiffening in the

sidewalls. The heads were of tapered thickness. Separate tanks were used for

the hydrogen and oxygen. The intercell webs in the upper tank were sized for

the mass of the hydrogen in addition to the internal pressure. They were designed
as stiffened shear-resistant webs of 7075-T6 material.

The webs in the oxygen tank were sized for a combination of the thrust load,

oxygen mass, and internal pressure. They were designed as stiffened shear-
resistant webs of 7075-T6 material. The thrust structure consisted of shear-

resistant beams spanning the tank diameter and supported at the mid-point of

the oxygen tank. The intersection of the skin panels and web used a Y-section

extrusion. The maximum base-metal thickness for this design was 0. 436 inch,

which would result in a weld thickness of 0. 872 inch.

3.2.8.3.6 Manufacturing Evaluation of Second-Stage Tankage

Configurations of liquid-second-stage tankage evaluated by the Manufacturing

Department are shown in Figure 3.2.8-2.

The purpose of the evaluation was to compare the configurations in terms of:

• Manufacturing lead time and development

• Tooling requirements

• Fabrication and assembly processes

• Manpower, space, and equipment requirements.

The following program ground rules were used for the trade study:

Program time period: R&D program 1965 through 1970, followed by a

10-year operational program.

Maximum production rate: 12 stages per year.

A new factory setup for the 70-foot-diameter tank will be required.

Factory location will allow water transport of vehicles.

The results of the manufacturing evaluation are presented in 3.2.8.3.6.9 and

3.2.8.3.6.10.

3.2.8.3.6.1 Manufacturing Lead Time

The manufacturing lead-time differences were estimated from the general manu-

facturing plan and the production flow illustrations (Figures 3.2.8-3, 3.2.8-4,

and 3.2.8-5).
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The lead-time differences were not considered significant for the multicell and

single tanks. The clustered tank could be produced, except for stage assembly,

in existing facilities. Manufacture could thus begin earlier on the clustered tank,

and the time till first-unit production could be reduced accordingly.

3.2.8.3.6.2 Tooling Requirements

The toolh_g required for the large single tank must be capable of handling larger

and heavier parts than for the other configurations. Multicell tank assembly

involves joining more parts and requires more tools of greater sophistication.

The cluster structure will require the greatest number of major jigs due to the

_m__,dtiplicity of sub- and .major assemblies involved in n_m_ufacture.

The major tooling for all configurations is programmed as hard tooling, capable

of achieving the quality requirements and of enduring for the scheduled rates of

the 10-year program.

3.2.8.3.6.3 Fabrication Processes

Large Single Tank --The fabrication processes for the large single tank were

divided into the following areas: Y rings, tank-wall skins, heads, and fittings.

Each area will be discussed briefly. A detailed manufacturing plan may be
found in Section 3.4.1.

The manufacture of the Y rings for the large tank will be a major problem area.

A detailed discussion is presented in 3.4.1.

Fabrication of tank-wall skins will be a major problem area because of com-

ponent size. To reduce the amount of welding, the largest available sheet sizes

should be used. The major problem will be forming the skins containing integral

stiffening.

The tank heads must be fabricated from many segments because of sheet size

limitations. The parts can be standardized so that only seven major contoured

shapes will be required. The proposed subassembly weld sequence will allow

payoff trim after welding so that part fit-up and coordination will be reduced to

a minimum. This will also provide good weld-inspection position.

The large tank will have several fittings for filling, draining, venting, and

cleaning. The machining of these fittings, which are later welded into the tank,

will be a problem area. Of the three configurations, the large tank will contain

the least number of these problems.

Clustered Tank- The fabrication requirements for the clustered tank will be

similar to those of the single tank. No specific problems are visualized that will

not be solved on the Saturn S-IC and S-II contracts. The main disadvantage is

high manufacturing cost compared with the single tank or multicell tank. The

IH-13
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main advantages are saving of some facilities and tooling costs and salvage of

other capital expenditures on the Saturn program. The greater learning-curve

improvement possible with this configuration (5 tanks of the same size per

vehicle) did not alter the total manufacturing cost disadvantage because of the

low total vehicle quantity requirements and high cost of thrust and cluster struc-
ture.

Multicell Tank --The fabrication processes for the multicell tank were divided

into the following areas: Y rings, tank-wall skins, head segments, and fittings.

The major process steps for these items are illustrated in Figure 3.2.8-6.

I

I
I

I
The multicell tank has different Y-ring problems than the large single or clus-

tered tanks. Each cell segment will be joined to the other by a Y longitudinal,

and Y-ring segments will also be required to join the heads, skirts, and walls.

The number of Y-ring segments will, therefore, be greater for multicell tanks.

The number of shapes required complicates the fit problem, and the joining of

Y-ring segments is a major problem. Special forged fittings can be used at

intersection points to reduce the fit and weld intersect problems.

The Y-ring segments will be machined as flat spar mill parts from bar stock.

This method will allow milling cross-sectional buildups for weld joints and to

obtain minimum part weight. Forming and trim-for-fit will follow the machining

operations. Stringent detail part tolerances will be required because of fit

requirements for welding.

The tank walls will be a major problem area because of size and shape. The

major problem will be forming of the skins containing waffle-pattern stiffening

(and integral Y ring, if this option is adopted). Some of these problems will

be solved on the Saturn program.

The tank heads are made from several segments because of sheet size limitations.

By standardizing the part size, a minimum of forming and trimming tools will be

required. A major welding problem exists at the intersection of the center close-

out ring and the head segment subassemblies. Fit-up problems with the close-

out ring, Y-ring segments, and skins are greatest with this configuration.

The multicell tank has several fittingsfor fill,drain, and vent openings; man-

holes; and the center close-out ring. The fitproblems with the mating parts

will be a major problem for weld quality. The multicell tank will have more

fittingsthan the other two configurations; therefore, more fit-upproblems are

expected.

3.2.8.3.6.4 Assembly Methods

Single Tank--The assembly methods for the single tank were divided into sub-

assembly, tank final assembly and test, and vehicle joining.
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Vehicle subassembly has been sequenced into subassemblies of heads, sidewall

hoops, internal baffles, and external structure. The head subassembly produc-

tion break was selected so that the final assembly joining weld would be a lower-

stress circumferential weld. This break will also allow trim of head assembly

and sidewall hoop assemblies after subassembly welding. Mismatch of detail

parts will not be as critical, which will allow less stringent detail part forming
and trimming tolerances. The only critical coordination will be circumference

(pi tape check) and flat plane (level check).

The sidewalls will be made by welding formed segments into hoops. Control of

circumference can be obtained by special trim prior to making the last weld.

Quality control check of the higher-stress longitudinal weld joint can be easily

accomplished by X-ray methods, and weld repair can be accomplished readily

in this subassembly position. Clamping, weld-joint backup, and starting tabs
are easily provided.

The internal baffle subassembly will be accomplished in separate tooling, which

will allow most efficient assembly. The baffle subassembly will then be installed

in the completed head or tank-wall hoop assembly prior to final subassembly

joining. Tank-final-assembly work activity will thus be reduced to a minimum.

The skirt and thrust structure will be nearly the same for all three tank con-

figurations. This structure will present no major problems other than size.

The intertank structure of the large tank will be longer than that of the multicell
tank, but will replace some of the tank sidewall.

The final assembly of the tank will consist of joining the selected subassemblies

by welding. This operation will be accomplished similar to the Saturn S-IC

method of tank assembly. This method eliminates gravity side effects and gives

uniform weld position so that constant equipment settings can be used. One pro-

blem area will be the X-ray inspection of the close-out welds for joining. This

may be solved by special work platforms. After welding is completed, the tank

assemblies will be cleaned, proof tested, and joined with the other major struc-
ture subassemblies.

The final vehicle joining operation will be in the vertical position for the same

reasons given for vertical tank assembly. One problem at vehicle joining will be

the clamping and fitting of subassemblies prior to joining. A second will be the

requirement to coordinate circumferences of the subassemblies. The single
large tank is the best of the three configurations when considering this problem

because interfaces will be circular shapes in a single plane.

The vehicle assembly will be moved in the vertical position directly to a reusable

GSE handling pallet. This pallet system will be used as a line dolly in the remain-

ing factory operations.

The single tank has much plumbing between engines, pumps, and tanks. Of the

three configurations, the piping problem is minimum for the large tank.
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The insulation of the hydrogen tank will be a major problem. However, the

simple cylinder body and elliptic head shape of the large tank make this the

easiest to insulate of the three configurations.

Other installation problems common to all configurations were not investigated
during this phase of the study.

Clustered Tank raThe assembly methods for the clustered-tank vehicle will be

similar to the single large tank vehicle except for tank size, quantity, and clus-

tering requirements.

I
I

I
I

The 25-foot tank diameter will make all tank fabrication problems easier, but

the quantity of five tank assemblies per vehicle will approximately double the

work required when compared to the single-tank vehicle. To this will be added

the clustering operations, so that, from a manufacturing cost standpoint, the

clustered tank is the least desirable of the three configurations. Complete evalu-
ation of this configuration was not made.

Multicell Tank--The assembly methods for the multicell tank were divided into

subassembly, tank final assembly and test, and final vehicle joining.

The multicell tank can be assembled by several sequences. One method con-
sidered would make subassemblies of the cells as units that are assembled to

the center column. The selected method will use head and body shell subassem-

blies that will be joined in the vertical position similarly to that proposed for

the large single tank. A special detail trade study was made to make this selec-

tion and is tabulated in data following. The major reasons for the selection were

increased reliability and decreased work load in the final assembly joining posi-
tion. A discussion of the selected method follows.

The multicell tank was broken into head and body shell subassemblies and further

subassemblies. The head subassembly is shown in Figure 3.2.8-7.

This breakdown will allow X-ray inspection and repair and proof test of the higher-

stressed longitudinal weld joints in the subassembly work position. Clamping

and weld backup will be more easily provided. The close-out final assembly

joining welds will be in flat planes along the lower-stressed circumferential

joints. Also, the length of weld accomplished in final assembly joining will be
minimum.

The body shell subassembly will consist of all structure between the head circum-

ferential joints. Sub-subassemblies of outer skin details, longitudinal Y joints,

and interior tension webs and center columns will be joined in the position shown
in Figures 3.2.8-8 and 3.2.8-9.

This breakdown subassembly method will allow welding of one-half of the high-

stress longitudinal welds in the flat position. It will provide excellent clamping,
weld backup, weld preheat, weld postheat, and trim arrangements.
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The sub-subassemblies will be loaded into a vertical assembly jig where the

remaining eight longitudinal welds will be completed. This position will elimin-

ate gravity side effects and give single-plane weld position so that track and

constant equipment settings can be used. This is shown as Operation No. 1 on

Figure 3.2.8-10. This arrangement will allow weld backup and clamping, and

X-ray inspection of all higher-stressed longitudinal welds prior to close-out

welding. This assembly sequence will provide higher tank quality. The work

position and sequence of the head-joining close-out welds are shown in Opera-

tions 2 and 3 on Figure 3.2.8-10.

After completion of welding operations, the final attachment of the shear web

assemblies to the Y flange will be made. This wiii aiiow clamping adjustment

and fitting of parts for the weld operations.

The completed tank will be cleaned, tested, and then joined with the other major

assemblies. The final joining of the major assemblies will be accomplished in

the vertical position similar to the single-tank joining method. The major dif-

ferences are the increased difficulties resulting from the multicell shape. The

skirts, intertank, and thrust structure will have this shape and the forward skirt

will have a transition from the multicell shape to the circular payload section

shape.

The multicontour of the multicell tank will make installation of insulation more

difficult; the increased number of manholes, drain fittings, and plumbing, and

the coordination of circumferential multicell joints will be more difficult.

Multicell Tank Subassembly Method Trade Study --A trade study was made to

determine an optimum multicell tank subassembly sequence. Two methods

were compared: (1) subassembly of fuel cell and center-post assembly, and

(2) subassembly of heads with shear webs and center post and subassembly of

sidewalls with shear web and center post.

Advantages of full cell method (Method 1) are as follows:

• Shear web can be assembled in one piece.

• Joint of web to center post in one length.

• Best assembly method for small quantity R&D program by elimination of

some subassembly positions.

Disadvantages of full cell method:

• More difficult to pro_4de backup clamping and X-ray inspection of close-out
welds.

• Sequence of weld starting tabs is cumbersome.

• Must coordinate eight interfaces that axe compound curved surfaces in

eight planes, for a total length of 1200 feet (both tanks).
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• Nine major pieces must be subassembled.

• Size of major subassembly piece is approximately 27.5 x 35 x 110 feet.

• Close-out weld joint is highest-stress longitudinal weld.

• Work position is vertical over full length of tank.

• Weld is vertical and overhead (or must turn tank over to eliminate overhead

welding).

• Assembly area must be larger to provide clearance on eight sides.

• Must weld inner fitting on head in the final assembly position.

Advantages of head-sidewall subassembly method (Method 2)..

• Close-out weld is circumferential and in only two horizontal planes for a

total length of 440 feet.

• Weld joint is lower-stress circumferential type at close-out.

• Starting tabs only needed two places for close-out.

• Only three major subassemblies.

• Size of pieces is 70-foot diameter with height of 20 feet for heads and

70 feet for body shells.

I

I

• Work position is horizontal at top and bottom, inside and outside.

• Assembly does not have to be rotated to eliminate overhead welding.

• Vertical jig has one-side loading only, thus saving floor space.

• Best high-production breakdown.

I

I
I
I

I

• Center close-out ring fitting is welded as a subassembly operation.

• Subassemblies are lightest.

• Backup for welding and internal scaffolding easier to provide.

• Easier to preheat and postheat weld areas.

Disadvantages of head-sidewall subassembly method:

• Must join shear web internally requiring scaffolding and cleanup.

• Must coordinate interface between three subassemblies.

• Shear web has splices at head-to-shell break point.

3.2.8.3.6.5 Equipment Requirements

I

I

The equipment requirements were compared for noncommon items only. The

heavier gages in the single tank will require equipment capable of handling

heavier material. The large elliptical heads will also have many more sections

HI-27
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to be bulge-formed than the multicell tank heads. The large single tank will need

a much larger machine for preparation of the Y rings than will the clustered

vehicle. Machining requirements for the tank skins will be greatest for the

clustered and multicell tank and least for the large cylindrical configuration.

The single tank will require the fewest pieces of equipment for processing

heavier material and the clustered concept will require more individual pieces

of equipment. The difference in equipment requirements for the three configura-

tions did not significantly affect the trade study results.

3.2.8.3.6.6 Space Requirements

The manufacturing flow would be similar for each configuration. This would

indicate that the space requirements would be nearly equal for either vehicle.

The size of the multicell and the single tank configurations is such that con-

sideration ofthe manufacture of either structure in an existing facilityis pro-

hibited. Component parts for all configurations, however, could be fabricated

in existing plants.

The clustered tank is small enough to be manufactured in facilitiesthat are

being prepared for the Saturn program. Final stage integration would then

require new facilitieseither adjacent to this existing plant or at the test facility.

3.2.8.3.6.7 Manufacturing Process Development

The manufacturing development work required for all three configurations is a

major problem. The clustered tank is more related to the Saturn S-IC program

in size and shape and, therefore, will require the least development work.

The single tank will require more thick-gage welding development work. The

forming problems are more stringent for the multicell tank. The single tank

and multicell tank are about even in the amount of development work required.

3.2.8.3.6.8 Manufacturing Manpower Requirements

Manufacturing manpower estimates made for the three configurations were based

on the preceding manufacturing plan, the engineering definition, and preliminary

engineering weight statements. The order of preference is: (1) single tank,

(2) multicell tank, and (3) the clustered tanks.

The primary factors affecting the manpower requirements were identified as

total number of parts, forming and machining requirements, and assembly com-

plexity. Although the single-tank configuration will use heavier individual parts

with consequent increases in handling, machining, and forming problems, the

number of parts will be fewer and, hence, the assembly operations will be simpler

and require less manpower. Also, tooling requirements will be less than for the

other configurations.
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The multicell configuration was penalized by the large number of parts required

for the tankage and the increased assembly complexity. The clustered tank con-

cept is the most expensive to produce, caused primarily by the need for rela-

tively large numbers of detail parts, subassemblies, and major assemblies.

3.2.8.3.6.9 Summary

The preceding analysis has allowed the comparison of the three tank concepts

from producibility and cost considerations. Several manufacturing comparisons

are indicated in Table 3.2.8-2.

The _dvantages and disadvantages anticipated in the manu/acture ot the various

concepts are summarized as follows.

Advantages of single tank:

. Least linear feet of weld joint.

• Least sidewall area to machine, form, and trim.

• Simpler shapes for heads and detail parts.

• Subassembly interfaces are simple circles joining on one plane.

• Coordination of subassemblies can be checked with simple pi tape
measurements.

• Forming tolerances of detail parts are less stringent.

• Interior baffles are easier to install and create less trouble during final

assembly than multicell shear webs.

• Weld X-ray procedures and techniques are developed and accessibility

problems for inspection are fewer and less complex.

• Easier to clean because of less internal structure.

• Final assembly work can be accomplished at fewer work-level positions.

Disadvantages of single tank:

• More head area to chem mill or mar hine.

• Heaviest detail parts and subassemblies.

• Thicker plates will require heavier tooling.

• Gage thicknesses generally require multiple-pass welds.

• Gage thicknesses require more X-ray inspect times per weld and longer

exposure time per inspect.

• More weld starts and stops than multicell tank.
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MANUFACTURING FACTORS FOR CONFIGURATION COMPARISON (1)

CONSIDERATION

We 1ding 45 30

Total Length of Welded Joint 151 100
Total Dist. Weld Head Travel 49 100

Total Starts and Stops (2) 96 100

Total Number of Joints (3) 156 100

Handling (4) 5 5
Details n Heads 32 100

Subassembly m Heads 46 100

Head Sections 36 100

Details -- Tanks 54 100

Subassembly m Tanks 23 100

Tank Section 220 100

Welded Parts Fabrication 33 20

Total Number of Parts

Pocket-Machined Parts (Area)

Taper-Machined Parts (Area)

Y Rings (Length)

Nonwelded Parts Fab & Assy

Total Weight

Joining and Miscellaneous

CONFIGURATION

Multicell _ C lustered
Percent Percent Percent

Total Task Total Total Task

(Weighted) T ask (Weighted)

54

3

58

189

64

177

183

42

3O

32

69

13

85

115 100 144

237 100 610

70 100 70

100 100 179

17 25 33

68 100 121

25 20 37

TOTAL MANUFACTURING TASK 125 100 185

(1) This table compares the multicell and the clustered configurations with the

single-tank configuration on a relative basis for each consideration. The

single-tank configuration was given a rating of 100 for each consideration.

The processes were then rated to determine the percent of the total task that

they represent for each configuration. The total manufacturing task compari-

son is indicated in each column.

(2) Includes starts and stops required for X-ray inspection as well as initial start

and final stop.

(3) Total number of interfaces that will require separate weld setup.

(4) Considers both weight and quantity.

Table 3.2.8-2
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• Y-ring fabrication requires considerable development.

• Several circular interfaces to coordinate during subassembly.

Clustered Tanks:

The clustered tank was analyzed sufficiently to determine that the machining,

welding, and forming tasks were greater than for the other configurations, but

that detail parts and subassemblies were smaller, lighter, and easier to handle.

The biggest advantage of using the clustered tank is that the work could be

accomplished, to a great extent, in existing facilities using tools, equipment,

and procedures that have been or are being developed. The increased quantity

of tanks would allow greater improvement-curve efficiency. Preliminary cost

estimates established that this concept was most costly, and further study was
not made.

Advantages of multicell tank:

• Most detail parts and subassemblies are lighter and smaller.

• Skin thicknesses and part sizes ease detail-part forming problems.

• Some subassemblies can be accomplished in existing facilities.

• Single-pass welding satisfactory for most skin thicknesses.

• Less exposure time required for X-ray weld inspection.

• Fewer starts and stops during welding.

• Less head area to machine or chem mill.

Disadvantages of multicell tank:

• Complex curvature and join pattern of parts creates requirement for close

detail-part forming tolerances.

• Geometry and internal structure complicates fit-up.

• Fixtures for fit-up and weld backup are complicated and expensive.

• Weld X-ray inspection difficult and expensive due to scaffolding require-

ments and accessibility problems.

• More joint length to fit-up and weld than on single tank.

• More welded detail parts to fabricate, handle, and fit-up.

• More integral-stiffened sidewall machining required.

• Hand welding required in several places.

• Tack welds, which must be chipped out and rewelded, may he required at

several places during assembly.

• Cleanliness problems increased due to need for more internal structure and

internal mechanical joints.
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• Must weld Y longitudinals.

• More configurations required in detail parts and subassemblies.

3.2.8.3.6.10 Conclusions

The three concepts are all considered to be producible designs. The preceding

analysis has indicated a somewhat different approach for the three designs in

fabrication and assembly, but represents a practical method of completing the

task for each configuration. The most important differences are in the areas

of manufacturing technical risk and total manufacturing manpower requirements.

The single tank was selected as the most desirable candidate from the manu-

facturing standpoint. This concept has lowest manpower requirements and lowest

technical risk.

The multicell structure, which is higher in both areas, is the next preference

for manufacture. The clustered tank, which is closer to an existing design than

either of the other concepts, has the lowest order of technical difficulty but would

require the most manhours. The clustered tank configuration was thus considered

least desirable for manufacture.

3.2.8.3.7 Cost Effectiveness Analysis

Guide Lines m Cost effectiveness for a system composed of the T65A system

but with three different designs of second-stage tankage is shown in a compari-

son using the study data listed below:

• T65A development and operating cost with cost changes due to second-stage

tankage structure changes (single, clustered, or multicell tanks) as shown

in Tables 3.2.8-3 and 3.2.8-4. Costs are for a total of 140 launches in a

10-year period.

• Vehicle cumulative average reliabilities shown are the same as used for the

T65A vehicle, Section 3.1.10.8.

• Vehicle payloads of 1,114,550 pounds for the vehicle with single second-stage

tankage, 896,090 pounds with clustered tankage, and 1,152,680 pounds with

multicell tankage. Payloads are to a 225-kilometer orbit.

Development of Costs --The cost in dollars per pound of payload in orbit is the

total system cost divided by the total payload placed in orbit. The total payload

placed in orbit is the product of the launch vehicle reliability, the number of

launches attempted, and the payload weight per launch.

Cost Tables mA comparison of the cost effectiveness of the three tankage designs
with data used is shown in Tables 3.2.8-5 and 3.2.8-6.
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LAUNCH VEHICLE COST EFFECTIVENESS COMPARISON
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WITH SECOND--STAGE TANKAGE VARIATIONS

(Total Development and Operating Cost)

T65A

Vehicle

System

Single
Tank

Stage H

C lustered

Tank

Stage II

Multicell

Tank

Stage H

Payload
Lbs x 106

1. 115

O. 896

1.153

Launches

140

140

140

Reliability

O. 878

0. 878

0.878

Total

Payloads
Lbs x 106

137.09

110.22

141.78

Systems Cost
Dollars x 106

14,647. 684

18,128.512

15,735.101

S/Lb.

In Orbit

107

164

111

Table 3.2.8-3

LAUNCH VEHICLE COST EFFECTIVENESS COMPARISON

WITH SECOND-STAGE TANKAGE VARIATIONS

(Operating Cost Only)

T65A

Vehicle

System

Single
Tank

Stage H

Clustered

Tank

Stage II

Multicell

Tank

Stage H

Payload

Lbs x 106

1.115

0. 896

1. 153

Launches

140

140

140

Reliability

0. 878

0. 878

0. 878

Total

Payloads
Lbs x 106

137.09

110.22

141.78

System Cost
Dollars x 106

10,896.432

13,232.774

11,598.739

S/Lb.

In Orbit

79

120

82

I
I
I

Table 3.2.8-4
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NOVA VEHICLE TOTAL DEVELOPMENT COST
(In Thousands)

T65A Vehicle System With Second-StageTankageVariations
Trade Study--Boeing Estimated Motor Costs

Item Single Tank* Clustered Tank Multicell Tank

Engine Development,

Stage Engineering,

Design & Development

Te sting,

Vehicle Systems,

Progr am Management,

Integration:

Stage I $ 509,327 $ 509,327 $ 509,327

Stage II 614,838 614,838 614,838

Airframe and Propulsion

Unit 1,219,181 2,192,575** 1,511,784**

Tooling for Stages 518,166 689,258** 610,673**

AGE 550,000 550,000 550,000

Facilities Maintenance

and GSE Spares 167,000 167,000 167,000

Operations

(Stage Transportation

Launch Operations

Propellants and High
Pressure Gases

Miscellaneous) 172,740 172,740 172,740

Total $3,751,252 $4,895,738** $4,136,362"*

Number of Flight Test
Vehicles 13 13 13

* Same as in 3.1.14.1

** Changes for Tankage Variations

I

I
I
I
I
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Table 3.2.8-5
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NOVA VEHICLE TOTAL OPERATIONAL COST

(In Thousands)

T65A Vehicle System With Second-Stage Tankage Variations

Trade Study- Boeing Estimated Motor Costs

Item Single Tank* Clustered Tank Multicell Tank

Vehicle Costs

Stage I Including

Solid Propellant $4,960,097 $4,960,097 $4,960,097

Stage H 2,926,280 5,262,622** 3,628,587**

AGE 1,000,000 1,000,000 1,000,000

Facilities Maintenance

and GSE Spares 930,000 930,000 930,000

Propellant -- Liquid Only --

Stage II 216,080 216,080 216,080

Transportation 60,620 60,620 60,620

Launch Operations 354,450 354,450 354,450

Spares

Stage I 205,497 205,497 205,497

Stage H 190,208 190,208 190,208

Range Cost and General
Overhead 53,200 53,200 53,200

Total $10,896,432 $13,232,774** $11,598,739**

* Same as in3.1.14.1

** Changes for Tank Variations

Table 3.2.8-6
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3.2.8.4 Second-Stage Tankage Bulkhead Trades

3.2.8.4.1 Introduction

Six bulkhead configuration combinations were evaluated for the 70-foot-diameter

second-stage single-tank concept. Three nested intermediate bulkhead concepts

and three opposed intermediate bulkhead concepts were considered (Figure

3.2.8-11). Minimum volume and off-loaded LO 2 tanks were included.

The configurations were evaluated on the basis of weight, length, and manufac-
turability. Honeycomb compression bulkheads and conical thrust structures of

sldn stiffener construction were used. Common bulkheads were not considered

at the request of the contracting agency. Eighty-percent elliptical bulkheads

were used for lower closures to reduce hoop buckling stresses due to fluid head
pressure effects.

Tank sidewalls and intertank regions were designed by maximum-q load condi-

tions. Tank sidewalls and intertank structure were of waffle construction for

this trade study and were sized by stability criteria with tank skin thickness

defined by internal pressure.

The interstage was designed by symmetrical maximum thrust loads and sized

using skin-stringer construction.

The internal pressures in the LH_ and LO 2 tanks were 40 psia and 45 psia,
respectively.

Single-plane separation was used for all comparisons, but the effect of dual-

plane separation is also indicated when it would affect the evaluation.

Residual-gas weight penalties were found to have insignificant variations between

concepts and were not included.

The configuration comparisons were made on the basis of comparing the candi-

date concepts with Configuration Number 1 of Figure 3.2.8-11. The structural

components that varied from this configuration were analyzed, and the change in

weight was predicted. The evaluation results are, therefore, in the form of a

weight change item rather than a complete weight statement for each configuration.

3.2.8.4.2 Summary

The bulkhead comparison study is summarized in Table 3.2.8-7. Nested Bulk-

head Configuration Number 3 was the minimum structural weight system utilizing

single-plane separation. With dual-plane separation, Minimum Volume LO 2

Tank Configuration Number 6 was the minimum second-stage structural weight

system. However, increased retrorocket requirements of the first stage would

negate most of this saving. The opposed bulkhead systems were the simplest to
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manufacture. Nested Bulkhead Configuration Number 4 with surfaces concave

upward was the minimum-length and maximum-weight design. The large weight

penalty was due primarily to the LO 2 head pressure increasing the design load

on the compression bulkhead.

The opposed bulkhead concept, Configuration Number 1, was selected as the final

design concept. Single-plane separation was chosen from a reliability standpoint.

The compression bulkhead designs did not offer sufficient length or weight savings

to justify the additional manufacturing complexity of a 70-foot-diameter reinforced

bulkhead. The choice between Configurations 1 and 5 was made on the basis of

the improved fixturing requirements and manufacturing simplicity of Configura-

tion 1. Configuration 5 requires three different head shapes rather than two and

a large internal ring to react the kick loads from the constant-radius heads.
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Second-Stage Thrust Structure Trades

3.2.8.5.1 Introduction

Three types of second-stage thrust structure were investigated (see Figure

3.2.8-12).

All types of thrust structure utilized a pattern of four M-1 engines arranged

symmetrically about a center engine supported on beams spanning between out-

board engine mounts. The beams were attached to the engine mounts to react

the kick loads, which would otherwise be taken by the engine mount support ring.

The alternative of attaching the beams to the support ring at midpoints between

motors would distribute the axial loads more evenly at the expense of increased

ring loads. The net effect would be a weight increase and a stiffness reduction.

The transition structure between the motor mounts and the second-stage skirt

consisted of truss members, monocoque skin, or stringer frame design in the

shape of a cone frustum.

A dynamic load factor of 1.4 was used to define limit load. The center engine

support beams were designed by the conservative assumption that all outboard

engines were gimbaled 7.5-degrees outward, imposing axial loads in addition

to the bending moments. The structure used throughout was 7075-T6 aluminum.

The purpose of this investigation was to obtain representative weight comparisons.

Therefore, the structural analysis used approximate methods to estimate panel

redistribution loads and made certain other assumptions which would necessarily

require refinement in the detail-design process. Similar assumptions were
made for all concepts; therefore, the relative comparisons should be valid.

3.2.8.5.2 Summary

The stringer-frame conical shell design was the most efficient of the concepts

investigated. The truss-beam concept was slightly heavier, while the ring-

stiffened shell was markedly heavier.

The truss beam concept was less efficient because of the concentrated loads that

must be redistributed into the sidewall. The conical-shell concept achieves

redistribution before the sidewall is reached.

The stringer-frame concept indicates a considerable weight saving over the

ring-stiffened shell concept (which utilizes unstiffened panel stability between

rings and is basically less efficient for this application).
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The truss-beam thrust structure (Figure 3.2.8-12) used compression-tube

members extending in pairs from the four outboard motor-mount locations to

a ring located at the sidewall intersection point. The geometry of the tubes was

chosen to provide an ultimate strength of 48,000 psi at a diameter of 33 inches.

The redistribution panel at the tube-ring-sidewall intersection provided for the

redistribution of the eight concentrated tube loads. The panel was designed on

the assumption that the shear lag redistribution angle was 20 degrees and the

redistribution structure was operating at 40,000 psi ultimate stress.

The engine support beams were designed as beam columns. Overlapping

assumptions were used to design the lateral bracing members connecting the

motor mounts. Lateral loads were reacted by the engine support beams and

the lateral bracing members. For simplicity, both structures were designed

to carry the loads independently.

The resulting structural weights are shown in Figure 3.2.8-12.

I
I
I

I

3.2.8.5.4 Ring-Stiffened Shell Thrust Structure

This structure used a simple monocoque shell of cone-frustum shape with in-

ternal ring-stiffeners spaced 31 inches apart at the motor mount end and increas-

ing linearly to 52 inches at the opposite end. At the load concentration points,
doublers were used to redistribute the concentrated loads. The doublers were

24 inches wide at the motor mounts and increased to 272 inches wide at the side-

wall intersection. The doublers, plus backing skin, were sized for panel sta-

bility under full engine thrust. Overlapping assumptions were used in the sizing

of the basic cone shell, which was conservatively sized for a uniform load dis-
tribution.

The engine support beams were identical to those used for the truss-beam con-

cept. The ring in the engine-mount plane was sized as a curved beam of con-

stant radius supported at the ends of a 90-degree arc. Ring instability was the

sizing criteria and a unform load distribution was assumed. The ring located
at the sidewall was sized for a nonuniform circumferential load distribution.

I

I
I
I

The resulting structural weights are shown in Figure 3.2.8-12.

3.2.8.5.5 Stringer-Frame Thrust Structure

The stringer-frame thrust structure used a semimonocoque shell of cone-

frustum shape. Tapered redistribution panels were used at the engine mounts.

Redistribution panel weight was estimated by sizing a stringer-skin panel, which

was bounded by 20-degree shear lag lines, for the full engine load. The re-

mainder of the structure was conservatively sized for a uniform load distribution.
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The engine support beams were identical to those used for the truss-beam con-

cept. The upper and lower rings are identical to those used for the ring-stiffened

shell concept.

The resulting structural weights are shown in Figure 3.2.8-12.
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Detail Design Analysis of T65 Vehicle

3 2.8.6 1 Structural Requirements, Design Conditions, and Margin-of-

Safety Summary

The detail design analysis of the T65 vehicle was performed to delineate particu-

lar structural problem areas that often become apparent under more intensive

evaluation and to provide more accurate weight predictions. The analysis is

presented in the form of margin-of-safety indications. The analysis was not

intended to be a rigorous evaluation as required in a formal stress analysis;

therefore, approximate design methods and data are occasionally used to pre-

dict component strengths. However, detailed investigations of the major

structural components of both first and second stage have been completed and

the structural concepts are judged to be representative, in terms of weight, of
a final vehicle design.

Detailed structural trades, such as the choice between zee-section or corru-

gated interstages, have not been exercised. The structural concepts used

represent a reasonable solution to a given problem rather than an optimized

one. More general structural trades were performed on the second-stage tank-

age and thrust structure and are discussed in 3.2.8.3, 3.2.8.4, and 3.2.8.5.

The structural configuration of the first stage was selected on the basis of

information developed during a preceding portion of Contract NAS8-8428, which

evaluated various clustering concepts for a cluster of four motors.

The vehicle was designed for the structural conditions tabulated in Table 3.2.8-8.

Margin-of-Safety Summary

Tables 3.2.8-9, -10, -11, and -12 indicate the margins of safety of the vehicle

structural components. The appropriate sections of the document containing the
detail analyses are referenced.
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STRUCTURAL DESIGN CONDITIONS

Vehicle trimmed at maximum dynamic pressure.

NASA 99-percent wind-shear, 40 fps, 1-cosine gust.

Symmetrical maximum thrust.

• Unsymmetrical thrust termination.

• Failure condition Mnozzles hard-over at maximum

dynamic pressure. *

• Failure condition M20-degree angle of attack,

nozzles null. *

• NASA 99.9-percent ground wind.

PRE SSURE S**

• Motor MEOP- 800 psia limit

• LH 2 Tank-Limit 50.6 psia -- cryogenic temp.

• LO 2 Tank-Limit

Upper head -

Lower head -

HEAT RATES (First Stage)

• Heat shield -- center 500 Btu/ft 2-sec.

• Heat shield _ edge 250 Btu/ft 2-sec.

TEMPERATURE S

• Upper skirt--second stage (t s = . 109)

• Intertank skirt (t s = . 183)

• Interstage tts = .29)

The following factors of safety were applied:

• General Structure

Yield factor of safety = 1.10.

Ultimate factor of safety = 1.40.

39.2 psia --room temp.

Room Temp. Cryogenic Temp.

78.5 psia 92.5 psia

101.2 psia 119.2 psia

195°F Burnout, 83°F Max. q

154°F Burnout, 88°F Max. q

126°F Burnout, 85°F Max. q

A factor of safety of 1.0 was used on failure conditions.

SOURCE

3.2.8.6.2.1,

Figure 3.2.8-13

3.2.8.6.2.1,

Figure 3.2.8-22

3.2.8.6.2.1,

Figure 3.2.8-20

3.2.8.6.2.1,

Figure 3.2.8-16

3.2.8.6.2.1,

Figure 3.2.8-17

3.2.8.6.2.2,

Figure 3.2.8-23

3.2.8.6.3.2,

Figure 3.2.8-25

3.2.8.6.3.2,

Figure 3.2.8-25

3.2.10.2.3

3.2.10.4,

Figure 3.2.10 -10

External overpressure and differential negative internal tank pressures were not used

for design. Table 3.2.8-8
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STRUCTURAL DESIGN CONDITIONS

• Propellant Tanks

Proof Pressure = 1.05

Yield Pressure = 1.10

Burst Pressure = 1.40

• Solid-Propellant Motor Cases

Proof Pressure = 1.05

Yield Pressure = 1.20

Ultimate Pressure = 1.40

where limit pressure is equal to maximum expected operating pressure (MEOP)

• A weld efficiency factor of 90 percent was assumed.

An ultimate factor of safety of 1.4 was used in addition to a yield factor of 1.2 in the

motor-case design because: There is no need to make an unconservative modification of

established policies when no significant gains in vehicle performance result. The gain in

payload, if the ultimate factors were not included, would be 1.7 percent, assuming no

reduction in allowables strength for fracture-toughness considerations. In vehicles of

this size, unconservatism should be minimized due to the immense cost of a failure.

Table 3.2.8-8 (Cont.)
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3.2.8.6.2 Loads
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3.2.8.6.2.1 Flight Loads

Flight loads for the T65 vehicle were obtained for the following conditions of

expected maximum loading:

• Vehicle trimmed to a NASA 99-percent wind-shear profile at maximum q

(Figure 3.2.8-13).

• A failure condition of the nozzles at full gimbal counteracting the angle of

attack due to the NASA 99-percent wind-shear profile at maximum q.

• A failure condition with the vehicle at an angle of attack of 20 degrees at

maximum q with nozzles in the null position.

• Unsymmetrical first-stage burnout resulting in one motor at one-half

thrust and five motors at full thrust.

• Maximum symmetrical first-stage thrust.

Flight Bending Loads m The angle of attack and nozzle gimbal due to the wind-

shear profile at maximum q was determined from a 6-degree-of-freedom analysis.

This method includes pitch, yaw, and translation. The limit bending loads were

found to be most severe in the yaw plane and are shown in Figure 3.2.8-14 for

the trim condition. The yaw angle of attack was increased by 14 percent to

account for gust and increased by 10 percent to account for flexible body effects.

The limit bending loads for this condition are shown in Figure 3.2.8-15, along
with the ultimate loads.

The nozzle full gimbal is a NASA malfunction condition previously defined

during Contract NAS8-2438 and the associated bending loads are shown in

Figure 3.2.8-16. *

The bending loads for the 20-degree-angle-of-attack failure conditions with the

nozzles in the null position are shown in Figure 3.2.8-17.

The bending loads for the nozzle full gimbal and the 20-degree-angle-of-attack
failure conditions were calculated for the T65A baseline vehicle and were scaled

for subsequent iterations. Figure 3.2.8-18 shows the ultimate bending loads due

to wind shear, the nozzle full gimbal bending loads, and the bending loads for the

20-degree-angle-of-attack failure condition. The failure moments were larger

than the trim condition for all portions of the vehicle.

For the unsymmetrical thrust burnout conditions, one motor was assumed to be

at half thr],st and the other five motors at full thrust. The pressure variations

in Figure 3.2.8-19 show this to be a conservative assumption. The figure also

* A factor of safety of 1.0 was used on failure conditions.
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Figure3.2.8-14 LIMIT BENDING MOMENT DUE TO WIND SHEAR
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indicates a slow thrust decrease rate; during this time the nozzles could gimbal
to trim the vehicle. However, in this analysis, the nozzles were assumed to

remain in the null position. The bending loads shown in Figure 3.2.8-20 are,

therefore, quite conservative.

Axial Loads -- The axial loads were calculated from the tangential flight path

accelerations resulting from a summation of thrust and drag forces. To simplify

the presentation of axial loads, 100 percent of the thrust was assumed to be

applied at the aft end of the vehicle. To determine the complete axial load dis-

tribution, the loads due to internal pressure must be superimposed on the axial

loads shown.

The axial loads were determined at maximum q and burnout, and are shown in

Figures 3.2.8-21 and 3.2.8-22.

3.2.8.6.2.2 Ground Wind Loads

In the ground wind load analysis, the vehicle support interface was located at

an elevation of 100 feet. A NASA 99.9-percent ground wind profile with a 1.4

gust factor was used in determining the ground wind bending moment as shown

in Figure 3.2.8-23. The vehicle was assumed rigid in this analysis and a

dynamic magnification factor of 1.1 was applied to account for flexible body
effects.

3.2.8.6.2.3 Loads for Base Heat Shield and Support Leg Fairing

A preliminary estimate of the acoustic environment associated with the launch of

the reference vehicle has been made. The configuration is a six-nozzle cluster

with the nozzle exit plane 100 feet above a 90-degree deflector. The exit diam-

eter of each nozzle is 21.4 feet, and the equivalent nozzle diameter of the cluster

is 52.5 feet. The maximum sound pressure levels during launch are predicted

for the base of the vehicle as shown in Figure 3.2.8-24. The overall sound

pressure level was predicted to lie within a range of 159 to 165 decibels. The

165-decibel level corresponds to an R. M. S. p.ressure level of 75 psf as given by

the definition of decibel: db = 20 log 10( p_ef/; where Pref = 4.2 x 10-7 psf.

The important consideration in analyzing effects of acoustic loads is the reson-

ance effect of the sound pressure on the structure. Experiments have been

performed on flat plates subjected to acoustic environments with a frequency

spread similar to that generated by a rocket motor. The results indicate that

80 percent of the plate deflections will be less than 10 times the plate deflections

due to a static pressure of the same magnitude as the R. M.S. of the fluctuating

pressure. On this basis, an equivalent static pressure of 750 psf was assumed
for the acoustic load on the base heat shield.
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The total aerodynamic pressure at maximum q on the support leg fairing was

determined by shock expansion theory to be 967 psf. Since the vehicle velocity

is well above Mach 1 at maximum q , the acoustic load due to the motors on the

support leg fairing will be unimportant.

3.2.8.6.2.4 Bending Modes and Frequencies

The bending frequencies and mode shapes were obtained through the use of a aigi-

tal program that determines bending mode shapes and frequencies for beams of

variable mass and stiffness. The frequencies and mode shapes are determined

by a Myklestad method of solution of the pertinent differential equations.

The composite stiffness of the six motors in the first-stage was assumed to

be equal to the sum of the stiffnesses of the individual motors for the determina-

tion of the free-free mode shapes and frequencies of the baseline vehicle. The

first- and second-mode frequencies for the baseline vehicle using the above

assumption were 1.37 cps and 2.35 cps. A previous study (Reference 15,

NAS8-2438) by Boeing on a smaller but similar vehicle indicated that the actual

stiffness of the vehicle first-stage could be as low as one-fifth of the stiffness

of the baseline vehicle first-stage as described above before a 10-percent

reduction in the actual vehicle frequency would occur. This indicates that

vehicle frequency is insensitive to first-stage stiffness variation, which in this

case would be attributed to the neglect of cluster structure flexibility. The

actual first-stage stiffness of the previous study vehicle was 43.4 percent of the

baseline stiffness and resulted in a 4-percent reduction of the baseline stiffness.

Assuming the present study vehicle to have similar characteristics because of

the similar clustering concepts, the actual first-mode frequency of the present

vehicle would be 1.31 cps.

The first-mode frequency of the individual motors in the first-stage booster

were determined by single-beam theory to be 1.78 cps, which is larger than the

first-mode frequency of 1.37 cps for the baseline vehicle. However, a more com-

plete analysis is necessary to establish the effects of the coupled frequencies and

mode shapes.

3.2.8.6.2.5 I_nition Transients

The effect of the ignition transients on vehicle loads was analyzed under a pre-

vious portion of Contract NAS8-2438 by Boeing for a smaller but similar vehicle

using forehead ignition (Reference 15). The results of the above study indicate

that the ignition transient does not present a problem if the rise time is greater

than th_ _atural period of the vehicle. However, since pad-mounted base ignition

is to be employed, a potential problem area arises in the dissipation of the

shockwave that impinges on the forward head. Further analysis may indicate

limitations on the igniter pulse to avoid excessive vehicle loads.
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Second-Stage Detail Analysis

3.2.8.6.3.1 Discussion

The second-stage structural layout drawings are shown in Section 3.2.11, Figures

3.2.11-4, -5, and -6. The trade study that led to selection of the second-stage
separate-tank concept is discussed in 3.2.8.3.

The material used in the analysis of all-welded tankage was 2219-T87 aluminum

because of its good fracture toughness and weldability. Material chosen for

built-up structure was 7075-T6 because of its high-strength features.

The lower elliptical bulkheads posed a special problem in that they developed

hoop compression stresses under the large pressure gradients associated with

first-stage burnout loads. Skin thickness was increased to prevent instability

in the upper 110 inches of the LO 2 bulkhead shell. It was noted that changing

the dome contour to hemispherical was not sufficient to eliminate the compres-
sion problem.

External cork insulation sealed by a mylar film was chosen for the LH 2 tank
(see 3.2.10.5). Cryogenic allowables were therefore used for the tank materials.

This led to development of a room-temperature proof test that had to satisfy the

strength requirements as well as the fracture toughness criteria using water as

the pressurizing medium. Upper-head and sidewall gages were increased by
proof-test requirements.

A silo proof test was proposed for the hydrogen tank that would provide a uniform

internal proof pressure. The hydrogen tank was stiffened for the maximum q,

20-degree-angle-of-attack failure condition by integrally milled T-section
stiffener s.

This method of stiffening was chosen to expedite forming procedures. The

stringer panels were tapered to increase structural efficiency. With constant

stringer spacing and skin gages fixed by pressure requirements, minimum-

weight sections could not be obtained at both extremities of the tank. To obtain

a near-optimum-weight design under these conditions, the section of maximum

load was optimized and a positive margin of safety of 0.71 was accepted for

compressive strength at the section of minimum load. Test work is required

to evaluate the effect of pressure on the stability of the stringers with fixed

frames to ensure a functional design under conditions of axial load plus pressure.

The intertank regions were designed of zee-stiffened panels. The temperature

in this section at design load was 88°F resulting from aerodynamic heating.

The thrust structure contained four tapered longerons that redistributed the

engine loads. These members were sized using a compatible-deflection shear-

log analysis. The thrust structure design temperature was assumed to be 185°F.
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Criteria and Loads (Second Stage)

The design conditions and criteria for the second stage are shown in Table

3.2.8-8. The load distributions for each structural component are included in

the individual analyses.

The tank proof test requirements and design load comparisons are included in

the following paragraphs.

Proof Pressure (Base Metal Only)--A room-temperature proof test that will

test the propellant tank for equivalent cryogenic strength requirements as well

as fracture toughness criteria is discussed herein (Table 3.2.8-13). The

strength of a material increases with decrease in temperature. A proof test

at room temperature with pressures reduced in proportion to the reduction in

allowable strength from cryogenic operating temperature to room temperature

would test the propellant container for strength. The room-temperature proof

test would also test the container for fracture toughness if the stress level was

sufficiently high to guarantee that the maximum flaw size existing in the con-

tainer is equal to or less than 0.8 of the critical flaw size at operating tempera-

ture and operating stress.

Hydrogen-Tank Proof Test (Base Metal)- The maximum operating pressure in

the LH 2 tank ranges from 38 psi to 50.58 psi at cryogenic temperatures (Figure

3.2.8-25). These pressures can be reduced for room-temperature proof test in

proportion to the decrease in strength.

PROPERTIES OF 2219-T87 ALUMINUM

I

I
I
I
I

I

I
I
I

I
Maximum

Stre s se s

Ftu

Fty

Operating Stress

a ultimate

o yield

Cryogenic

Temperature

I423 °F)

93,000 psi

65,000 psi

93,000/1.4 = 62,200

65,000/1.1 = 59,000

Yield Critical

Room

Temper ature

(70°F)

62,500 psi

50,000 psi

62,500/1.4 = 44,600

50,000/1.1 = 45,400

Ult. Critical

I

I
I
I
I

Table 3.2.8-13
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Assuming that proof testing at room temperature must guarantee (a/Q)ma x =

0.80 x (a/Q)cr at LH 2 operating stress (59,000 psi) (see Table 3.2.8-13)
based on 2219-T6 E46 data --it is presently estimated that a flaw that is less

than 80-percent of critical at operating pressures will not propagate to failure

under sustained loading during the estimated service life of the booster, where

(a/Q)c r is the critical flaw size that would propagate at operating stress. The

critical flaw size at cryogenic temperature is: (a/Q)cr = 0.14 inch (from Figure

3.2.8-26). The allowable crack size at room temperature is: (a/Q)ma x = (0.80) x
(0.14 = 0. 112 inch.

Room-temperature stress required to satisfy cryogenic fracture toughness
criteria is:

a = 48,000 psi (Figure 3.2.8-27)

a = (45,400)(1.05) = 47,500 psi proof stress required for strength demon-

stration. (The required proof stress for strength is 47,500 psi and

required stress for critical flaw-size criteria is 48,000 psi. Use

48,000 psi for proof test. )

The reduced pressure required for proof test of the hydrogen tank is as follows:

Pressure + head at bottom of the LH2 tank at first-stage burnout = 50.58 psi

50.58 (48,000) = 41.2 psi
Pproof - 50,000

41.20

Plimit- 1.05 - 39.2psi

Figure 3.2.8-25 indicates the required proof pressure versus tank height of the

LH2 tank for a room-temperature proof test.

Method of LH 2 Tank Testing--The hydrogen tank will be proof tested in a silo

using water as the pressurizing medium and with water surrounding the tank to

provide a uniform internal proof pressure. Upper head and sidewall gages were

increased by thisproof-test requirement. Other methods considered were

proof testingwith fulloperating pressure at room temperature and uniform

internal pressure and proof testing with reduced pressure and water-pressure

gradient. However, these conditions imposed greater skin-gage penalties.

LO2 Tank Proof Pressure (Base Metal) -- The proof pressure required for

equivalent cryogenic fracture toughness is calculated in the following manner.

Proof stress required to demonstrate strength at room temperature: (operating
stress x 1.05).

a = 45,400xl.05 = 47,500 psi

From Figure 3.2.8-27, at 47,500 psi, the maximum flaw size existing in the

material is (a/Q) = 0. 115 inch.
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Assume proof testing at room temperature must guarantee (a/Q)ma x = 0.80
(a/Q)c r at LO 2 operating stress (see also LH2 proof-test discussion).

Using the above equation with (a/Q)max = 0. 115 inch, the critical flaw size for
hydrogen tank operating conditions can be defined as:

(a/Q)cr -
O. 115

0.8
- 0. 144 inch

With the critical flaw size defined, the maximum allowable operating stress at

cryogenic temperature, obtained from Figure 3.2.8-28, is:

a = 49,000 at -320°F

The skin gage is sized by the operating stress = 49,000 psi and operating pressure
plus head = 119.2 psi.

119.2 x 600
t = 49,000 x 2 = 0.73 inch (aft head)

The required pressure for room-temperature proof pressure at a = 47,500 psi
is:

Pproof = 0.73 (47,500) 2 = 115 8psi
600

115.8
Plimit - 1.05 - ii0 psi

Proof Pressure (Weld Zone) --The proof-test criteria used for design purposes

in this study considered the properties of the base metal only. The weld-zone

proof-test requirements, which may increase the proof pressure markedly, were

not included. The following proof-test requirements were predicted for the weld

zones using fracture toughness data that was considerably below that of the base

metal. The fracture toughness properties of welds vary with process control

and are a function of the inspection-acceptance specifications. The indicated

weld-zone proof-test penalty will be required in addition to the base-metal proof

test unless the fracture toughness properties of the welds are improved. This

is a problem which is not well understood and additional effort should be devoted

to weld toughness improvement.

The room-temperature proof test required in the weld zone for equivalent cryo-

genic strength is similar to the proof test required in the base material (see

3.2.8.6.3.2). However, to ensure equivalent cryogenic fracture toughness in

the weld zone, the room-temperature proof-test pressure in the LH2 tank must

be increased above that necessary to ensure base-metal integrity. Weld-zone

fracture toughness varies such that higher toughness is observed at -320°F than

at -423°F. This produces a penalty for proof test of the welds at -423°F but not
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at -320°F. A 21-percent increase in the proof pressure was required on the

proof pressure was required on the LH 2 tank and a 1.37-percent reduction

in the LO 2 tank.

The proof pressure required for equivalent cryogenic fracture toughness is

calculated in the following manner.

Proof stress required to demonstrate strength at room temperature: (operating

stress x 1.05).

a = 45,400 xl.05 = 23,800 psi*
2

From Figure 3.2.8-30, at 23,800 psi, the maximum flaw size existing in the

material is (a/Q) = 0. 155 inch.

Assume proof testing at room temperature must guarantee (a/Q)max = 0.80

(a/Q)c r at LH2 operating stress (see also base-metal proof-test discussion).

Hydrogen Tank (Weld Zone) -- Using the above equation with (a/Q)max = 0. 155

inch, the critical flaw size for hydrogen tank operating conditions can be defined.

0. 155
(a/Q)c r - 0.8

- 0.1938 inch

With the critical flaw size defined, the maximum allowable operating stress at

cryogenic temperature is obtained from Figure 3.2.8-29.

aop = 24,200 psi at -423°F

The hydrogen-tank skin gage in the weld zone is sized by the operating stress

= 24,200 psi and operating pressure plus head = 50.58 psi.

t .__

50.58 xlx600

24,200 x 2
= 0. 627 inch (aft head)

The required pressure for room temperature proof pressure at a = 23,800 psi

is:

0.627 (23,800) 2 =49.7psi
Pproof - 1 (600)

Plimit = 49.7/1.05 = 47.3 psi

* The "as welded" joint strength was taken as 50 percent of the base-metal strength.
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LO2 Tank (Weld Zone) -- The reduced pressures required for proof testing of

the LO2 tank were determined in a manner similar to that used for determining

the reduced pressure required for the hydrogen tank.

Room-temperature properties from LH2 tank analysis:

(a/Q)ma x = o. 155 inch

= 23,800 psi

The critical flaw size for the LO 2 tank operating conditions was defined as:

(a/Q)max = o. 80 (a/Q)c r

The allowable flaw at cryogenic temperature is:

(a/Q)c r -
0. 155

0.8
- 0. 1938 inch

With the critical flaw size defined, the maximum allowable operating stress,

obtained from Figure 3.2.8-31 is:

aop = 25,000 psi at -320°F

Skin gage required in the weld zone with the operating stress = 25,000 psi and

operating pressure plus head = 119.2 psi:

119.2x lx525

t = 25,000 x 2 = 1.25 inches (aft head)

The required pressure for room-temperature proof pressure at a = 23,800 psi:

1.25 (23,800)
Pproof = i (525) = 114.2 psi

Plimit = 114.2/1.05 = 108.8 psi

Second-Stage Loads w Figure 3.2.8-32 presents the second-stage design loads

versus station for ground-wind and flight-loading conditions (see 3.2.8.6.2).

The ground-wind load condition was based on no internal pressure and propellant

tanks filled. The ultimate first-stage maximum symmetrical thrust loads were

determined by combining ultimate axial loads and minimum internal pressures.

The maximum q 20-degree-angle-of-attack load condition is a failure condition

and was considered as an ultimate load with minimum internal pressure in the

hydrogen tank.
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3.2.8.6.3.3 Second-Stage Materials

The analysis of all-welded cryogenic tankage used 2219-T87 aluminum allowables.

This choice was based primarily on fracture toughness and weldability consider-

ations. This alloy has excellent stress-corrosion resistance based on standard

corrosion testing. The higher strength, comparable reliability, and successful

performance at Boeing led to the selection of 2219-T87 over other alloys. The

ultimate and yield strengths of 2219-T87 versus temperature are shown in

Figure 3.2.8-33.

The analysis of the thrust structure and all-built-up unwelded structure used

7075-T6 aluminum allowables. The allowables are given in Reference 5.
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3.2.8.6.3.4 Hydrogen Tank _Second Stage}

Forward Head (LH 2 Tank) --The forward hydrogen-tank bulkhead is a 0. 707

ellipsoid terminating in a Y-ring sidewall joint. The bulkhead segments are

tapered to the minimum required gage. The skin gage was designed by proof
pressure.
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Sidewall (LH 2 Tank) --The hydrogen tank sidewall consists of integrally milled

T-stiffened panels. The skin was designed for room-temperature proof test

pressure, and was checked at the forward and aft end of the sidewall for com-

bined stresses at maximum q, 20-degree-angle-of-attack failureload conditions.

The skin gage at the aft end of the sidewall required additionalthickness to

accommodate combined stresses. The stiffeners and skin panels were tapered

to increase the structural efficiency, and frames were utilizedto provide stability.

With constant stringer spacing and skin gages fixed by presssure requirements,

minimum-weight sections could not be obtained at both extremities of the tank.

To obtain a near-optimum-weight design under these conditions, the section

of maximum load was optimized and a positive margin of safety was accepted
at the section of minimum load.
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Aft Head (LH2 Tank) --The aft hydrogen-tank bulkhead was a 0.8 ellipsoid
terminating in a Y-ring sidewall joint. The 0.8 ellipsoidal bulkhead was selected

to minimize the stability problem associated with elliptical bulkheads and large

pressure gradients. The bulkhead segments were tapered to the minimum re-

quired gage. The skin gage was designed for uniform internal proof pressure.

The skin was checked for stability under hoop compression forces.
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3.2.8.6.3.5 Intertank Shell (Second Stage)

The intertank section is a stiffened-skin semimonocoque structure sized by the

optimum design method of Reference 16 for the maximum load in the section.

The maximum load occurs at the maximum q, 20-degree-angle-of-attack fail-

ure condition. Z ee-section stringer-frame panels were used.
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3.2, 8.6.3.6 Oxygen Tank (Second Stage)

Forward Head --The LO 2 tank configuration was selected on the basis of the
second-stage tankage bulkhead trades (see 3.2.8.4). The resulting configuration

used an off-loaded ellipsoidal tank. The forward LO 2 tank head is a 0. 707 ellip-
soid joined to the 0.8 elliptical bulkhead with a double Y-ring. The bulkhead

segments are tapered to the minimum required gage. The skin gage was designed

for hydrostatic proof pressure, room-temperature allowables, and water-pressure

gradient.

Aft Head -- The aft LO 2 tank bulkhead is a 0.8 ellipsoid. The head segments are
tapered from the bottom of the bulkhead to a point 110 inches from the top of the

lower bulkhead. The large pressure gradient associated with first-stage burnout

loads produces compression stresses in the upper 110 inches of the aft LO 2 bulk-

head shell. The skin thickness was increased in this area to prevent instability.
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3.2.8.6.3.7 Thrust Structure (Second Stage)

The thrust-structure configuration was selected by the second-stage thrust

structure trades (see 3.2.8.5). The thrust structure selected consisted of two

aluminum shear-resistant thrust beams supporting a center engine with four

equally spaced engines mounted on an aluminum ring. The engine thrust loads

were transmitted through an aluminum cone-frustum structure, stiffened by

four longerons and multiple stringers. The longerons were tapered to shear

the load into the cone-frustum structure. A ring was placed at the cone-sidewall

junction to react the kick loads caused by the slope. This ring is loaded by

hoop tension because of the geometry and some bending because the thrust loads

are not completely redistributed. The nonuniform load induced in the interstage

structure by the second-stage engines is less than the design condition of the

maximum axial acceleration during first-stage boost.

Description--The thrust structure consists of the following components.

A thrust beam system that distributesthe center-engine thrust load to

four points on the engine-mount ring. The thrust beams also provide

support for the engine actuators.

An engine-mount ring capable of carrying the conservatively assumed

uniform lateral kick load that results from thrust load and the geometry
of the thrust cone.

• A stiffened cone-frustum consisting of a conical shell, four tapered

longerons, and multiple stiffeners stabilized with rings.

• A forward thrust ring capable of carrying the thrust kick load that

results from the cone-frustum geometry.

Design Loading Conditions --The thrust structure was designed by consideration

of two loading conditions.

Five-engine thrust at start-up with a dynamic factor of i.4. This con-

ditiondesigned the majority of the thrust structure with the exception

of the thrust beam.

The four outside engines gimbaled 7.5 degrees radially outward with

_he center engine null. This condition was the critical load in design-

ing the thrust beams as a beam column.
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•
Longerons and Shear Redistribution Structure r u re) m The thrust-

structure longerons and shear redistribution panels were analyzed by the numer-

ical method of Reference 2 to determine the shear-lag effects. A detailed

description of the method, including pertinent symbols and formulas is given in

3.2.8.6.4.5.

A width of 100 inches on each side of the longeron at the forward ring was assumed

as an effective compression width.* The stringers provided in this width were

assumed to carry all of the longitudinal load; the skin panels were utilized to re-

distribute the load applied at the engine mount ring. Since the panel width varies

along the length of the cone, the "bs" distance used in the calculations was varied.

Critical design condition: Engine start-up.

Ultimate longeron load:

3 675 x 10U**_
= " = 4240 x 103 lb.P

o cos 30 °

One-half of the symmetrical structure was analyzed for an applied longeron load.

p, =½Po= 2120x 103 lb.

Tables 3.2.8-14 and 3.2.8-15 show the calculation of terms used in the shear-

lag equations.

* Figure 3.2.8-35

** Figure 3.2.8-34
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3.2.8.6.3.8
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Forward Interstage (Second Stage)

The interstage structure is a stiffened-skin semimonocoque shell sized by the

optimum design method of Reference 16. The maximum load occurs at maximum

q, 20-degree-angle-of-attack failure condition.
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3.2.8.6.3.9

.. . ... _¢_ _{ -_ : • .....: "':.. .: 2 _ . • .. .: t :
•......... i I ... "....- ....." ..- "._

Slosh Provisions (Second Stage)

A slosh analysis was not performed during this study. Slosh structure has been

indicated in the configurations and weight estimates have been made, based on

previous experience.

The ring stiffeners in the hydrogen tank were incorporated with the slosh baffles

to achieve an integrated design of greater efficiency.
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3.2.8.6.4 First-Sta_e Detail Analysis

3.2.8.6.4.1 Discussion

The detailed layout drawings of the first stage are shown in Section 3.2.11,
Figures 3.2.11-2 and 3.2.11-3.

The first stage has high L/d motors that are approaching the region where

ground-wind loads design the case walls. Using 250,000-psi maraged steel,

the resulting margin of safety for the ground-wind condition is 0.005.

,,e cluster structure {Figure 3._. 8-1) was designed for load conditions judged
to be critical based on previous load-path work from Contract NAS8-2438. The

referenced work contained a complete stiffness analysis of a structure similar

to the present configuration. Externally applied loads of the present concept

were compared with the external loads of the referenced concept and were noted

to evidence similar trends. The maximum-q loads for this concept were slightly

lower than the referenced concept. Therefore, the maximum-q load was not a

critical design condition.

The indicated critical design conditions were maximum symmetrical acceleration

and unsymmetrical thrust termination. The members by these load conditions
are shown in Figure 3.2.8-1.

The major load path for longitudinal shear in the cluster structure is through the

intercostals into the redistribution ring and motor-case skirt extensions. The

crossbeam provides section stability and redistributes axial loads.

The base support concept was also developed under Contract NAS8-2438, which

indicated it to be the lightest-weight approach. Three support points were

recommended for each motor to permit alignment of the structure during erec-
tion and to minimize redundant loads in each motor.

The support-point locations were placed outboard of the motor sidewall center-

line to clear the vehicle drift-cone envelope and to provide sufficient clearance

for the ring structure between the nozzles and the skirt.

The location of the support points produced a bending moment in the skirt because

of the eccentric load application. To react this moment, a pair of rings was

incorporated in the base skirt and connected by sloping columns to force the

moment to be reacted by kick loads in the rings. Tapered longerons were then

used to redistribute the axial loads into the cylindrical skirt extension, which

was of skin-stringer construction.

Analysis showed that 86.6 percent of the critical support point load was attributable

to vehicle weight and 13.4 percent to ground wind loads.
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The upper rings in the skirt were also used to redistribute the loads transmitted

between motors by the clustering link ties.

Honeycomb
airloads.

3.2.8.6.4.2

structure was used in the aft portion of the skirt to carry distributed

Criteria and Loads (First Stage)

I
I

I
The design conditions and criteria for the first-stage are shown in Table 3.2.8-8.

The load distributions for each structural component are included in the indivi-

dual analyses contained in the following sections.

3.2.8.6.4.3 Materials (First Stage)

The motor-case material selected for this study was 18N1-7CO-5MO maraged

steel. Boeing test data indicate the following properties:

Ultimate strength

Yield strength

Elongation

Modulus of elasticity

Reduction of area

Weld efficiencies

(local aging)

Weld efficiencies

(heat treat after welding)

K1C fracture toughness parameter

(welds)

K1C fracture toughness parameter

(base metal)

250,000 psi

240,000 psi

12 percent

27 x 106 psi

58 percent

98 percent*

97 to 98.7 percent*

77 to 81 ksi iX/_-n**

137 to 139 ksi X/_-**

At the inception of this study, valid weld fracture toughness data were not avail-

able. On the basis of the base metal fracture toughness data, maraged steel

exhibits good potential as a large booster case material, and was used for this

study. The tabulated weld fracture toughness has subsequently been obtained in

Boeing tests of TIG welded specimens. This data indicates a potentially serious

toughness problem in the heat-affected zone. The critical crack depth at these

toughnesses will be approximately 0.046 inch, which is considered marginal

from an inspection standpoint. Data from other sources indicate that MIG

welding and 12-hour aging produce even lower fracture toughness values.

* A 90-percent weld efficiency was assumed for this analysis.

** See Reference 19 for definition of fracture toughness.
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In view of the weld toughness problem, development work should be performed

to determine if variations in weld techniques can improve fracture toughness.

Methods of reducing the operating stress in the weld zone by local thickness in-

crease should be considered. Reduction of the alloy ultimate strength is another

consideration. The investigation of other materials should also be intensified.

The alloy used for unwelded applications was 7075-T6 aluminum. The material

properties were obtained from Reference 5.
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3.2.8.6.4.4 Clustering Structure (First Stage)

The clustering structure consists of stiffened motor-case skirt extensions tied

together by intercostals and redistribution rings. Crossbeams were used to

stabilize the structure and to redistribute axial loads (Figures 3.2.8-1, 3.2.8-36,

and 3.2.11-3). The primary load path for the transfer of longitudinal shear

between motors is through the intercostals. Approximately 98 percent of the

moment on the individual motors is resisted by a couple composed of lateral

shear forces in the clustering structure and in the link ties at the aft end of the
motors.

Results from a previous study (NAS8-2438) were used as a guide for determining

the design loads on the clustering structure. The loading conditions considered

were symmetrical maximum thrust, unsymmetrical thrust termination, 20-

degree angle of attack with null thrust vectoring at maximum q, 8-degree angle

of attack with 3.5-degree thrust vectoring at maximum q, and the vehicle

trimmed at maximum q.

Symmetrical Maximum Thrust Load Condition {Cluster Structure)- The assumed

load distribution of the forward skirt extension and the interstage on the cluster-

ing structure beam network is shown in Figure 3.2.8-36. The longitudinal load
distribution is shown above the centerline and the lateral load distribution is

below the centerline. Both sets of loads are symmetrical about the centerline.

Approximately 98 percent of the moment due to 96.4 inches of eccentricity in the

resultant interstage longitudinal load is resisted by bending in the motor cases.

This was determined by requiring compatibility of the rotations in the plane of

the clustering structure beam network (see Figure 3.2.8-36). The rotations in-

duced in the clustering structure were calculated by conservatively assuming

that all of the moment was resisted by bending in the solid motors. The proper

load distribution to produce these rotations was then determined by iteration.

A comparison of assumed quantities with the resulting calculated quantities is
shown in Table 3.2.8-17.

The reaction of the lateral shear loads by the beam network and intercostals was

determined by a load-path stiffness analysis. The stiffness of all direct shear

paths was assumed to be inversely proportional to their length. Where the bend-

ing of free-spanning members was involved, the stiffness was assumed to be

inversely proportional to the length cubed. The resultant reactions are shown

in Figure 3.2.8-40.

The outer ties were analyzed as fixed-end beams with an elastic support (the

crossbeam) at the center. The outer portion of the main crossbeam was

designed for the elastic support loads resulting from the outer tie loads.
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The rings mounted on the forward skirt extension were analyzed for the forward

skirt loads, interstage loads, outer tie loads, and the reactions of the intercostals

and main crossbeams. Because of symmetry of the ring and the loads, only one-

half of the ring was considered. Longitudinal and lateral loads were analyzed

separately and the results were superimposed. An energy solution was performed

on the ring to solve for the redundant moments and forces. The resulting loads on

the ring are tabulated in Table 3.2.8-18.

After the analysis was performed, the design was altered by removing the portion

of the ring between the intercostals. The main crossbeam in this area was de-

signed to resist these loads in addition to the loads from the outer tie and the

loads induced by rotation in the plane of the beam network. (See Figure 3.2.8-41

for resultant loads.) The shape of the clustering structure was also modified.

Curved rings were used around the inside and outside corners to improve the

transition geometry of the forward skirt extension (Figure 3.2.8-1). The analysis
was assumed to be valid for the modified structure.

The central portion of the main crossbeam was arbitrarily made the same size as

the outer segment. Because of the length of these members, they are too flexible

to constitute a significant load path. However, they have been included to supply

lateral stability to the cross section and to redistribute lateral shear forces.
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Unsymmetrical Thrust Termination Load Condition (Cluster Structure)--The

unsymmetrical thrust termination load condition consists of five motors at full

thrust and one motor at partial thrust. The loads were determined for a _-3

sigma variation on the burn time for the thrust-time curve, Figure 3.2.8-19.

I

I
Since an exact solution of the loads distribution requires a complete stiffness

analysis, the unsymmetrical thrust termination loads were determined by three

independent approximate methods. Method I is based on data generated during

a previous study under Contract NAS8-2438. This method breaks the intercostal

longitudinal shear forces into two components. One component results from the

inertia load of the partial-thrust motor and the other results from the portion of

the second-stage inertia loads going into the partial-thrust motor. Since the

motor is not at zero thrust for this vehicle, it was necessary to calculate sym-

metrical and unsymmetrical load components so that the previously generated

data could be used.

Method II is based on breaking the load system into symmetrical and unsym-

metrical components and superimposing the two. The symmetrical component

is for symmetrical thrust on all motors. The unsymmetrical component is due

to the bending moment introduced by the unbalance of thrust between a full-thrust

motor and the partial-thrust motor. The basis for this method is theoretically

exact for small deflections. It is limited by inelastic action and the assumptions

regarding the distribution of the moment into the solid motors.

Method III is an arbitrary distribution and is included to illustrate the distribution

of the unsymmetrical thrust loads on the overall vehicle. The structure was

simplified to facilitate the analysis by representing the six motors with four

motors arranged in a line. The two middle motors in the simplified structure

each represent two motors in the actual structure. The partial-thrust motor is

an end motor. Because of the complexity of the loads system, the method of

superposition was used. The necessary assumptions are indicated on the indi-

vidual distributions. The resulting load distribution shows the system in

equilibrium.

The three methods considered yielded approximately the same design loads. The

loads for Method 11 were used for analyzing the structure.

Intercostal loads were determined by superimposing the secondary loads induced

by bending in the motor cases with the longitudinal shear loads due to unsymme-

trical loading. The portionof the longitudinal shear load reacted by each inter-

costal was based on the rotation of the motor case at the plane of the clustering

structure.

The forward skirt consists of semimonocoque structure with large stiffeners

and frames. The structure was analyzed for out-of-plane bending due to the

unsymmetrical thrust termination loads. The intercostal loads were reacted

by the ring and the forward skirt extension. The portion of the moment equal
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to the symmetrical maximum-thrust intercostal moment was reacted by the ring.

The remaining portion of the moment was distributed by the ring to the forward

skirt extension. The skin was designed to be nonbuckling to prevent panel flutter

daring flight.
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Maximum Dynamic Pressure Load Condition {Cluster Structure) --Three condi-
tions at maximum dynamic pressure were considered. The conditions for a 20-

degree angle of attack with null thrust vectoring and for an 8-degree angle of

attack with a 3.5-degree thrust vectoring were treated as failure conditions.

The condition for the vehicle trimmed at maximum dynamic pressure was analyzed

for a factor of safety of 1.40 on the limit loads. In all cases, the equivalent axial

load was calculated and the ratio of equivalent axial load at symmetrical burnout

to equivalent axial load at maximum dynamic pressure was computed. This ratio

was then compared with the similar ratio for the previous study, Contract NAS8-

2438. In all cases, the ratio was less critical than for the previous study.

Therefore, this is not a design condition for the clustering structure. (The

maximum dynamic pressure loads were only 68 percent of the design loads of

the previous study.)
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The base skirt supports the vehicle in the flight-ready prelaunch condition.

The vehicle is supported prior to launch at three points on each motor skirt

(see Figure 3.2.8-43). Two aluminum I-section support columns extend from

each support point to tapered aliminum T-section longerons. Loads experienced

during the prelaunch condition are redistributed by the six longerons in an

aluminum semimonocoque structure, resulting in an approximately uniform
distribution at the interface of the base skirt and the motor-case stub skirt.

Lateral loads from the support columns are reacted by the forward ring and the

uad interface ring, _,h_ch are _* -'_ ...- _evt I sections Aluminum box sections serve

as clustering links connecting adjacent motors. The link attach points are loc-

ated at the forward ring.

The base skirt fairing and the base heat shield are designed to resist local air-

loads. Aluminum honeycomb construction is used for both components because

of its light weight and rigidity.
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Design Loading Conditions -- Base Skirt (First Stage)m The base skirt and base

heat shield were designed by three loading conditions:

• prelaunch ground wind

• unsymmetrical thrust termination

• maximum q

Prelaunch Ground Wind -- The prelaunch ground-wind condition was analyzed by

considering one-sixth of the vehicle bending moment to be reacted by each motor.

This results in a maximum support-point load that is 3 percent greater than if the

moment were reacted by the vehicle acting as a unit. Secondary bending moments

resulting from nonuniform distribution of upper-stage weight at the plane of the

cluster structure were reacted by a lateral couple at the cluster structure and the

aft clustering links (see Figure 3.2.8-44).

Loads applied at the vehicle support points are carried by six support columns

on each motor skirt to the forward ring joint. The longitudinal components are

transferred to the longerons and redistributed by skin panels to produce an

approximately uniform load distribution at the motor-case joint. A bending

moment at the forward ring joint, caused by eccentricity of longitudinal loads,

was assumed to be carried by the support columns and reacted at the forward

ring and the pad interface ring by a couple (see Figure 3.2.8-45).

Unsymmetrical Thrust Termination m Critical loading for the clustering links

occurs at the time of unsymmetrical thrust termination. It was conservatively

assumed that five motors operate at maximum thrust with nozzles at the full-

gimbal position while one motor operates at one-half maximum thrust. The

resultant lateral load was assumed to be redistributed by the clustering links

to produce equal shears in all six motors. The resulting link load was added to

the load required to react the bending moments caused by nonumfform distri-

bution of longitudinal loads at the interstage (see 3.2.8.6.4.3).

Maximum q --Air pressures occuring at the time of maximum q represent

critical loading fox the base-skirt fairing and for the base heat-shield structure.

The heat-shield support structure was conservatively designed for maximum

limit presaure of 950 psf at an operating temperature of 200 ° F (see 3.2.10.2.3).
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Figure 3.2.8-44 VEHICLE SUPPORT LOAD FORPRELAUNCHGROUNDWIND
CONDITION
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Longerons (Base Skirt) -- The longerons were tapered to unload into the skin

panels over a length of 120 inches. The stringers were conservatively assumed
to carry all of the longitudinal load with none of the skin considered effective.

The skin panels were used to redistribute shear loads from the longerons to
the stringers.

The load distribution m the region of the longeron was estimated by tbe numerical

method, of shear-lag analysis described in Chapter 4 Reference 2. The analysis

requires idealization of the actual stringers into a "substitute single stringer"

with an area equal to the sum of the actual stringer areas. The panel width be-

tween the longeron and the substitute stringer is determined by an empirical

equation. The idealized structure is divided into a number of fictitious bays in

which the longeron is assumed to have a constant area equal to its average area
in each bay. The skin gages used in the idealized structure are the same as for

the actual structure. The shear-lag stresses are determined from a system of

simultaneous equations and added to the stresses determined by elementary

theory. The shear-lag equations are determined by requiring consistent defor-

mations between bays of the idealized structure and by satisfying the known end
conditions.

One-half of the symmetrical structure was analyzed.
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3.2.8.6.4.7 Base Heat Shield (First Stage)
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3.2.8.6.4.8 Motor Cases (First Stage)

Discussion -- The motor cases were analyzed for the following load conditions :

• Ground wind condition

• Internal pressure condition

• Combined flight load conditions

• Ground-handling condition

The results of the analysis indicate tb_t t_he gro,,__nd-wind _nd inte_rnal-pressure

conditions design the case wall. Using 250,000 psi maraged steel, the resulting

margin of safety for both conditions are approximately zero. The analysis also

indicates that the combined flight load conditions were not critical for the motor-

case-wall design.

Ground Wind Condition (Motor Case) -- The analysis procedure used in this

solution is an approximate method that has not been substantiated by test. The

basic approach involves an assumed treatment of the length/radius effect in

cylinder buckling. This effect is applied to a motor case under a nonuniform

axial load which increases linearly with length. It was assumed that a motor

case of a given length will be sized for a certain percent of the average load

rather than for the load applied at the upper end. It was further assumed that

any finite length of the motor ease could be sized on the same assumptions.
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3 2.9 1 Summary

The following weights analysis parallels closely the iterative design procedure

for the 1000K payload vehicle. The early phases of the study relied heavily on

data developed during Tasks I and II. A matrix of both parallel-and tandem-

staged vehicles was Snvestigated using parametric second-stage mass-fraction

data combined with a constant first-stage mass fraction. Six vehicles (three

tandem-staged, two parallel-staged, and one stage and one-half concept) were

chosen for further evaluation, and weights statements were prepared for these

configurations. From this group, a tandem-staged vehicle (six 260-inch-dia-

meter solid motors in the first stage and five M-1 engines in the LO2/LH 2
second stage) was chosen as subject of a preliminary design exercise. Major

weight trade studies were undertaken for second-stage tank configuration and

for first-stage case material.

The entire preliminary design process was predicated on keeping first- and

second-stage propellant weight constant. Changes in inert weight were accounted

for by appropriate adjustments in payload weight. The final vehicle has the

following characteristics:

Payload (225-kilometer orbit)

LO2/LH 2 Second Stage

Solid-Propellant First Stage

Launch Weight

Mass Total

Propellant Inerts Fraction Weight

i,165,000

8,064,000 873,060* 0.902 8,982, 000"*

24, 821,000 3,093,870 0.889 27,915,000

38,062, 000

* Includes 154,000 pounds _V reserve propellant

** Includes weight expended prior to ignition

3.2.9.2 Conclusions

The following general conclusions may be drawn from a weights standpoint.

Tandem-staged vehicles possess slightly better mass fractions than a corre-

sponding vehicle designed to a parallel staging concept; however, the dif-

ferences are not extreme.

The multicell tank configuration results in a noticeable, but not significant

weight reduction as compared with the single tank configuration.
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3.2.9.3 Selection o[_Ca_da_ _'e'hmles

The initial vehicle matrix included several representative vehicles of two general

classes: (1) tandem staged, and (2) parallel staged. First-stage motor diameter,

number of motors, M-1 engine thrust, and number of M-1 engines were taken

as parameters. Data developed during Tasks I and II were utilized to provide

depth in areas where detailed study was not possible.

3.2.9.3.1 Mass Fraction Data

First-Stage Mass Fractions --For initial parametric vehicle sizing, first-stage

mass fraction was held constant at 0. 875. This value was chosen as representa-

tive of the optimum mass fraction obtainable for reasonable combinations of

motor diameter, number of motors, first-stage thrust, and propellant weight at

600 psi chamber pressure (as indicated in Task I1). This mass fraction was used

for the first stage of both tandem-staged and parallel-staged vehicles.

Second-Stage Mass Fraction Data (Tandem Staged) --Vehicle staging ratios and

launch weights are a strong function of second-stage mass fraction and thrust

level; therefore, parametric mass fraction data over a range of second-stage

propellant weights were developed. The significant criteria used to determine

second-stage mass fractions are listed in Table 3.2.9-1.

Second-stage mass fractions for 70-foot-diameter stages are shown as a function

of propellant weight in Figure 3.2.9-1.

The effects of changing the stage diameter to 60 feet or to 80 feet is indicated in

Figure 3.2.9-2. The significant weight items affected are tankage, interstages,

and thrust structure. The configuration concept involves keeping the LO 2 tank

diameter equal to the stage diameter, resulting in off-loaded LO 2 tanks as follows:

60-foot stage Wp2 < 7.06 x 106 pounds

70-foot stage Wp2 < 11, 2 x 106 pounds

80-foot stage Wp2 < 16.7 x 106 pounds

Alternate tank configurations with fully loaded LO 2 tanks were not considered at
this time. The inset plot on Figure 3.2.9-2 gives an indication of the geometric

effects on tankage weight efficiency. These trends are reflected in the larger

plot of mass fraction alteration. In general, the larger changes in each band

reflect stages with the larger number of engines due to the relatively large weight

of the thrust structure in addition to the other components. Some of these con-

figuration combinations entail difficulties that were not assessed in terms of

weight penalties. For example, a cluster of eight M-1 engines cannot be com-

pletely contained in a 60-foot-diameter stage envelope. However, the engine
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PARAMETRIC SECOND-STAGE MASS FRACTION CRITERIA

I

Propellants

LO2 Location

Tankage Concept

Bulkhead Shape

Separation Mode

Separation Plane

Thrust Structure

Tank Material

Tank Construction

LO2/LH 2

Aft

Nested Tanks

LO2 Aft Bulkhead 0.8 b/a ellipsoid

Other bulkheads 0.7 b/a ellipsoid

Single Plane

Engine Gimbal Plane

Cone Type

2219 Aluminum

Waffle

I

I
I

I

I
Allowable Tensile Yield Strength

M-1 Engine Thrust (vac)

M-1 Engine Weight (dry)

LO 2 Tank Ullage Pressure, 0.1 g start

LH 2 Tank Ullage Pressure, 0.1 g start

LO 2 Tank Ullage Pressure, 1.0 g start

LH 2 Tank Ullage Pressure, 1.0 g start

Thrust Decay Propellants

Parallel Staging Concept

55,000 psi (cryogenic temperature)

i.5 x 106 pounds

20,000 pounds

39 psi

36 psi

29

27

2500 pounds per engine

Solid stage slides aft on parallel

rail system

I
I

I
I
I

Table 3.2.9-1

mounting ring can be fitted into this diameter if a portion of the outboard engine
bell extends outside the 60-foot diameter.

Parallel and Stage and One Half Concepts --Second-stage inert weight changes

associated with the parallel concept and with the stage and one half concept are

shown in Figure 3.2.9-3. The separation concept involves slidingthe solid

firststage aftfrom the second stage with the motors retaining their original

relationship with the second stage (i.e., the solid motor axes remain parallel

to, and the same distance from, the LO2/LH 2 stage centerline). The weight

penalty to the second stage inc'ludesrails for first-stage separation, struc-

tural provisions for rail attachment, and longerons and additional material in

aft skirt for load distribution.

I
I
I

I
I

III-224
I



I
I
I

I
I

I

!
I

I
I
i

I

i
I
I

I
I

III-225

m

L,I.



.. ... . ... • ,D2-_243]_-III • - -.° ..

The first stage- _ a s A n'e"s "s'_n_or the parallel-staged

vehicles as for the tandem staged. Second-stage configuration is, therefore, not

altered in changing from tandem to parallel staging, except for the structural

modifications above. It is also possible that some of the added structural weight

may be jettisoned after separation.

The stage and one half concept incorporates ground start of the second stage

engines. Because of the increased propellant head pressures at engine ignition

(1.0 g compared to 0.1 g for tandem and parallel), a reduction in ullage pressure

and therefore in tank weight is realized. This reduction, combined with the in-

creases noted above, gives the net weight changes shown in Figure 3.2.9-3.
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Candidate Configurations

From the general parametric data described 3.2.9.3, a group of six vehicles was

chosen for further evaluation. Vehicle designations were assigned as follows:

X X X X

I
Vehicle Type: T for tandem

P for parallel

PM for stage and a half

Number of solid motors in first stage

Number of M-I engines in second stage

Configuration modification letter

Vehicles chosen for analysis are identified in Table 3.2.9-2.

Outline configurations of these vehicles are shown in Figure 3 2.9-4.

3.2.9.4.1 Weights Analysis, Tandem Stages

Solid Stages --Solid stage weights and mass fractions are based on the following

criteria and design ground rules.

Solid Motor--The basic motor consists of the motor case, nozzle, case liner,

and bulkhead internal insulation.

Motor Case --Motor cases are cylindrical with hemispherical ends. Motor nomi-

nal chamber pressure is 600 psi and MEOP is 720 psi. The case material is

4430 steel, with ultimate tensile strength of 200,000 psi, and the ultimate factor

of safety is 1.4. Motor volumes are based on the cross-sectional loadings shown

in Table 3.2.9-2 and straight-through propellant ports in the hemispherical

bulkheads.

In addition to the case shell, the following local structural provisions are included

in case weight: cylinder extensions past the forward and aft bulkhead, joint rings

for handling and structural attachment, a boss on the aft bulkhead for nozzle attach-

ment and propellant porting purposes, and build-up joints in the sidewall to provide

for manufacturing limitations.

Nozzle mNozzle weights are based on Boeing estimates and lie between the opti-

mistic and conservative extremes of industry data. The weight of the nozzle gim-

bal ring is included in the nozzle weight and is 30 to 40 percent of the total.

Case Liner-- Liner weights are based on the total inner surface of the motor case

being coated with 0.30-inch-thick rubber-based liner with a density of 0. 042

pound per cubic inch.
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Internal Insulation, Bulkheads -- Motors have phenolic-based insulation ( p =

0. 063 lb/in 3) for the forward and aft bulkheads. The insulation weight for the

forward bulkhead is based on an average thickness of 0.10 inch. The aft head

insulation weight is a function of chamber pressure and burn time and the average

thickness is about 0.70 inch.

Thrust Vector Control- A thrust-vector-control system utilizing closed loop

hydraulically actuated gimbaled nozzles is included. The weights were extra-

polated from data developed during Task I of the current contract.

Equipment- Equipment weight includes such items as control elements, telemetry,

environmental control provisions, power supply and electrical network, range

safety, and stage separation systems.

Forward Interstage (Structure forward of tanks) hThe forward interstage is a

semimonocoque structure. The surface is the transition between the first-stage

cross section and the circular second stage. The interstage extends from the

first-stage clustering structure to the first stage-second stage separation plane

at the second-stage engine gimbal plane. These interstages were designed

according to first-stage burnout loads.

Cluster Structure raThe clustering structure is a cross-beam type. Weights are

extrapolated from the data of Task I.

Aft Skirt (Structure aft of tanks) raThe aft skirt consists of a structural semi-

monocoque cylinder on each motor extending from the motor handling skirt to the

ground support plane.

Aft Fairing (Structure aft of tanks) --The aft fairing consists of a nonstructural

cone frustum on each motor extending from the aft skirt to the nozzle exit plane;

its purpose is to protect the nozzles from the aerodynamic loads which would be

imposed by the airstream. The weight is 2.0 pounds per square foot of surface

area.

Base Heat Protection _ Base heat protection consists of a structural shield and

ablation material on exposed surfaces. Weights are based on estimated heating

rates and shield area requirements, as extrapolated from Task I.

Retrorockets- Retrorocket capability is 5 g's for 1 second plus 2 g's for 2 sec-

onds, based on first-stage grain designs similar to those developed during the

Task I effort. The retro mass fraction is 0.65, and an additional 25 percent of

inert weight is added for attachment provisions.

Sliver Residuals _Sliver residuals are extrapolated from Task I since the grain

designs are similar.
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LO2/LH 2 Tandem Stage Criteria--Structure--Structure consists of tanks, anti-

slosh provisions, tank insulation, forward and aft interstages, thrust structures,

and separation provisions.

Propellant Tanks --Tank weights are based on a nested tank LO 2 aft configuration

with the aft IX) 2 bulkhead a 0.80 b/a semi-ellipsoid and the other three 0.70 b/a

ellipsoids. An average cryogenic temperature allowable (Fty = 55,000 psi) was
used for all components. The tank sidewalls are aluminum waffle pattern and

designed by the 0.4 psi overpressure requirement on the pad. As compared with

the same tank designed for ground wind conditions, this criterion imposes a weight

penalty of about 2 percent of tank weight or about 0.8 percent of stage burnout

weight. The forward domes are designed by the ullage pressure at ig_iition-

43 psi for the LH 2, and 45 psi for the LO 2. Aft domes are designed by the sum
of the ullage pressure at startburn and the propellant head pressure at first-

stage burnout. A 20-inch clearance space is provided between the aft dome of

the LH 2 tank and the forward dome of the LO 2 tank to ensure against LH 2 seep-

age.

Antislosh and Antivortex Provisions --In lieu of definitive criteria, slosh sup-

pression provisions consist of a beaded lightened cylinder in each propellant

compartment with unit weights based on extrapolated data. Vortex suppression

is supplied by a covered cruciform baffle mounted in each line inlet.

Tank Insulation- Insulation has a unit weight of 0.35 psf and is applied to

all propellant compartment external surfaces.

Forward Interstage (Structure forward of tanks) --The forward interstage is an

aluminum semimonocoque cylinder designed according to second-stage burnout
loads.

Aft Interstage (Structure aft of tanks) --Single plane separation is at the second-

stage engine gimbal plane. The structure is a semimonocoque aluminum shell

designed by first-stage burnout loads.

Thrust Structure- Thrust structure is a 60-degree cone frustum with the odd

engine mounted on cross beams in the center.

Propulsion System--Engines and Thrust Vector Control --Engine weights for

an expansion rate of 40 are based on a dry M-1 engine weight of 20,000 pounds.

The thrust-vector control system weight per engine is 1500 pounds. The center

engine is fixed and requires no thrust vector control.

Propellant Distribution System--Weight includes lines and bellows, prevalve in-

sulation, and miscellaneous hardware. Engine feedlines are 19 inches in diameter.
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Pressurization _yst_m _ ;_e_sur_z_tloi'_s "a'ic_mpfi_s_!(_y a bleed system. The

propellants are vaporized in the engines and returned to the tanks as heated gases.

Fill and Drain --The fill and drain system includes the fill and drain lines, valves,

bellows, insulation, and disconnects.

Vent System --There are four vent valves at 75 pounds each.

Equipment--Equipment includes control elements, telemetry, environmental

control provisions, power supply and electrical network, range safety systems,

engine malfunction detection system, and separation and ullage rocket systems.

Retrorockets- Retrorocket capability is 3 g's deceleration for one second. The

retro mass fraction is 0.65 and an additional 25 percent of inert weight was added

for attachment provisions.

Ullage Rocket Attachment Provisions --Ullage rocket weights are based on 0.1 g

for 3 seconds. The ullage rocket motor has a mass fraction of 0.65. The motor

case is jettisonned after firing and an additional 40 percent of ullage rocket inert

weight was included for the portion of the attachment and separation provisions

that are carried with the second stage.

Residual and Reserve Propellants --

• Propellant Trapped in Engines --For the M-1 engine, 1200 pounds of trapped

propellant per engine is included.

• Propellant in Lines --Trapped propellant weights are based on total line
volumes.

• Gaseous Residuals --Gaseous residuals are based on the following burn-
out conditions:

LO 2 tank mean temperature (°R) 270

LH 2 tank mean temperature (°R) 160

LO 2 tank pressure (psia) 29

LH 2 tank pressure (psia) 39

• Helium Slugs--Helium slugs are used for prepressurization to the start-up

ullage pressures (45 psi for LO 2 and 43 for LH2).

• Thrust Decay Residual--An allowance of 2500 pounds per M-1 engine was made
for shutdown time variances.

• P.U. Residual -- P.U. residual weights were:

0. 375 percent total propellant weight for five engines

0. 345 percent total propellant weight for seven engines
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Parallel-Stage Weights Analysis

Criteria and analysis are the same as for the tandem-staged vehicles, except
for the following items.

Solid Stages- The forward interstage is an aluminum semimonocoque cylinder

that transmits the solid-stage thrust loads from the aft end of the solid stage to

the aft end of the LO2/LH2 stage. It requires longerons and shear-out plates

for load distribution since the loads are fed into it at six points along the periphery.

_m_ter _,_lu._._*.... • ..... Two circumferential........ rin_s_ are fastened to the interstage. In

the aft skirts of the solid motors are matching circumferential rings. In addition,

there are tension ties between the solid motors. The two rings act as the upper

and lower chords of a truss, the upper one being in compression and the lower
one in tension.

Aft Skirt--The aft skirt, in addition to acting as support structure, must also

carry the moments associated with the truss-type structure described above.

Nose Fairings _Nose fairings are aerodynamic fairings on the forward end of

the solid motors. Ogive surfaces with unit weight of 2.5 psf were used for weights

purposes.

Separation Rails _The stage separation concept involves sliding the solid pro-

pellant motors aft on parallel "rails," while retaining the original relationship

between the centerlines of the solid and liquid stages. The rails are aluminum

I-beams fixed to the LO2/LH 2 stage; built-up channels mate with them on the

solid stage. Included in the weight are allowances for bearing surfaces and

attachment provisions.

Second Stage

• Tankage --Tankage for the stage and one-half concept only is designed for

somewhat lower ullage pressures than the tandem stages. Since this concept

involves ground start of the engines, use can be made of the 1.0-g static head

available, thus reducing the ullage pressure requirement at startup. The tank

design pressure is then the ullage pressure at burnout _ 29 psi for the IX) 2

and 39 psi for the LH 2.

• Separation Rails _Separation rails are the built-up I sections mentioned

above. The forward end is at the forward end of the solid motor case and

the aft end is at the separation plane.

• Rail Attachment Provisions _Circumferential rings are required at both the

forward and aft ends of the LO2/LH 2 stage for structural stability during

separation.

I_-233
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• Engines- M°-_Iengines"for th'e s_ge°and°on_*-*h_l'f'*co_cept have an expansion

ratio of 20. The weight of 17,430 pounds was determined by removing the

portion of the nozzle bell aft of the E = 20 plane and keeping the remaining

weight fixed.

• Ullage Rockets--Ullage rockets are unnecessary for the stage and one-half

concept since LO2/LH2 engines are ignited on the ground.

• Weight Statements and Mass Fractions --Solid propellant stage weight state-
ments are shown in Table 3.2.9-3. The calculated mass fractions compare

favorably with the estimated value of 0. 875, on which the propellant weights

are based.

• Semidetailed weight statements for the LO2/LH 2 stages appear in Table

3.2.9-4. The mass fractions are noticeably lower than those in Figure

3.2.9-1, largely because of the increase in required ullage pressures due

to further information regarding propellant vapor pressures and gas venting

tolerances. The same weight statement is shown for the second stage of the

T45 and T65 vehicles, since the only difference between the design criteria

is a slight difference in first-stage burnout thrust-to-weight ratio.
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W3

3.4

3.6

3.8

3.10

3.14

3.26

W4

4.2

W6

Ws ld

Structure

Solid Propellant Container

Structure Forward of Tanks

3.6.1 Forward Interstage
3.6.11 Cluster Structure

Structure Aft of Propellant Containers

3.8.11 Aft Support Structure

3.8.12 Aft Aerodynamic Fairing

Nose Fairing
Base Heat Protection

Miscellaneous

Propulsion System

Nozzle (Gimbaled)
4.10.1 Thrust-Vector-Control Hardware

Equipment and Instrumentation
6.2-12

6.17

6.17.1,2
6.17.5

6.17.8

Dry Stage

Electrical, Telemetry, etc.

Separation System Hardware

Installed Rocket Cases

Explosive Devices

Separation Rails

W7 Residual Propellants and Service Items

7.9.13 Separation System Propellants

7.11 Solid Propellant Slivers

Ws lc Stage Weight at Cutoff

W8 Propellant Consumption

8.5 Solid Propellant

ABEE 8.12 LO2/LH 2 Expended

Ws lg Stage Weight at Ground Ignition

Stage Mass Fraction, )k' (Total expended

propellant)

Stage Mass Fraction, _' (Solid propellant

only)

/

SI

T45A

2,541,25,

2,208,15'

257,00'

66,00_

191,OOq

45,00_

35, 00,

10, 00,

15,30t

15,801

606,50,

590,00'

16,50'

180,00,

5,70

174, 30

174, 00

3O

3,327,75

301,20

174,00

127,20

3,628,95

24,900,00

24,900,00

28,528,95
0. 8728

0. 8728
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Parallel Vehicles Stage and One-Half

T65A P67B P65A PM67A

2,470,800 2,122,390 2,535,000 2,052,200

2,070,300 1,679,690 2,070,800 1,621

293,500 225,200 237,200 206

70,500 87,200 87,200 77

223,000 138,000 150,000 129

68,000 139,000 150,000 139

50,000 129,000 140,000 140.

18,000 10,000 10,000 9.

15,000 15,000 15,

20,000 42,000 40,000 38,

19,000 21,500 22,500 21,

551,000 491,200 551,000 537,

530,000 471,000 530,000 518,

21,000 20,200 21,000 19,

168,900 154,700 179,300 158,

6,100 6,400 6,100 6,

162,800 148,300 173,200 152,

162,500 139,500 165,000 144,

3O0 5O0 500

8,300 7,700 8,

3,190,700 2,768,290 3,265,i300 2,748,

287,900 237,900 290,1400 238,800

162,500 139,500 165,000 144,000

125,400 98,400 125,400 94,800

3,478,600 3,006,190 3,555,700 2,987,250

500

300

300

000

800

000

800

000

600

000

500

000

500

750

250

5OO

000

5O0

000

450

24,900,000 20,500,000 24,900,000 22,703,000

24,900,000 20,500,000 24,900,000 20,132,000

2,571,000

28,378,600 23,506,190 28,455,700 25,690,250
i 0.8773 0.8720 0.8749 0.8846

0.8773 0.8720 0.8749 0.8707

_ble 3.2.9-3
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Q$ • •

:.. •o. • Candidate Vehi,

W3

W4

W6

Structure

3.1.3.2.3.7

3.6

3.8

3.9

3.14

3.26

Tankage

Structure Forward of Tanks

Structure Aft of Tanks

Thrust Structure

Base Heat Protection

,,_.scc..,_neous

Propulsion System and Accessories

4.1 M-1 Engines and Accessories

4.7 Fuel System

4.8 Oxidizer System

4.10 Control System Hardware
4.26 Miscellaneous

Equipment and Instrumentation

Electrical, Telemetry, etc.

Separation System
Installed Retro Hardware

Explosive Devices

Separation Rails

Ullage System Mounting Hardware

6.2-12

6.17

6.17.1,2
6.17.5

6.17.8

6.18

Ws 2d Dry Stage
W7 Residual and Reserve Propellants

7.1 LH 2 Pressurants
7.2,6 AV Reserve

7.3.7 Thrust Decay Propellants

7.4.8 Trapped Propellants

7.5 LO 2 Pressurants

7.9 Retrorocket Propellant

7.11 Maximum Propellant Utilization Residual

(LO 2)
7.26 Miscellaneous

Ws 2c Stage Weight at Cutoff

W8 Propellant Consumption

Ws 2i Stage Weight at Ignition

Stage Mass Fraction, k'

* Burned after Separation of Solid Stage

Tandem Vehich

T67A

609,940

366,400

41,000

74,000

107,700

5,000

11,840

179,200

140,000

9,900

14,800

9,000

5,500

17,800

7,900

8,400

8,100
3OO

1,500

802,940

351,200

16,400

167,000

17,500

37,800

61,800

12,000

33,400

5,800

1,154,140

9,333,000

10,487,140

0.8899

T45A

52_

331

3:

7,

61

99_

7,94

8,9_

0.8

Table
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_le Configuration
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_S

T65B

490

05O

60O

000

40O

000

4O0

8OO

,000

2OO

8OO

_, 000

3,800

Ii800

7,300

7,000

300

, 200

_,000

,000
_, 500

,200

L, 520

,000

,200

,240

,210

_,000

_,210

3.2.9-4

Parallel Vehicles

P67B

636 160

360 260

41.000

106 200

107 700

8 000

13 000

178.600

140.000

9 900

14.800

9 000

4 900

43,300

7 900

33800

8,500

300

25000

1 600

858 060

356 700

16400

172,000

17500

37 300

61 800

12 500

33 400

P65A

559 150

332 55O

33.600

106.200

68.400

7 000

11.400

128.100

100000

7 300

10900

6 000

3 900

38 600

6 800

30 500

7200

300

23 000

1 300

725 850

323 460

14.000

159.000

12.500

26,200

64.520

10,800

31.200

5,800

1,214,760

9,328,000

10,542,760

0.8848

5,240

1,049,310

7,941,000

8,990,310

0.8833

Stage and One-Half

PM67A

649 200

408 900

30 000

83 600

104 000

9.500

13 200

163 800

122 000

II000

16.600

9 000

5,200

41,200

8,200

33,000

8,700

300

24,000

854,200

389 230

21 300

174 000

16 800

37 750

76 700

12 500

43 400

6,780

1,243,430

9,474,000*

10,717,430

0.8839
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3.2.9.5 Study Baseline Vehicle -- T65C

3.2.9.5.1 Criteria and Analysis

The T65 vehicle was chosen from the candidate matrix for preliminary design

effort. This vehicle, which is reflected in the weight statements, is also shown

in Figure 3.2.9-5. Configuration modifications from the T65 candidate include:

• Separation of orbital transfer stage from payload

• Reversal of LH 2 tank aft dome to form two tanks with convex bulkheads

• Change of LH 2 aft bulkhead from 0.7 b/a ellipsoid to 0.8 b/a ellipsoid

• Moving the first stage-second stage separation plane forward to a point 24 feet

forward of the gimbal plane.

Pertinent criteria are listed in Table 3.2.9-5 for the solid first stage and in Table

3.2.9-6 for the liquid propellant stages.

Semidetailed weight statements for the total vehicle and the individual stages are

included in Tables 3.2.9-7 through 3.2.9-10.

3.2.9.5.2 Mass and Inertia Data

Mass distributions for the first and second stages, respectively, of the T65C

vehicle are shown in Figures 3.2.9-6 and 3.2.9-7. Center of gravity, mass

moment of inertia, and vehicle weight are shown as a function of first-stage burn

time in Figure 3.2.9-8.
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SOLID STAGE CRITERIA

T65C Vehicle

Number of Motors/Diameter

Total Thrust at Launch (106 lb)

Total Propellant Weight (106 lb)

Nominal Chamber Pressure (psi)

Grain Cross-Sectional Loading, _]cs

Motor Volumetric Loading, 11v

Aport/Athroat

Nozzle Area Ratio,

TVC

Case Limit Design Pressure, MEOP (psi)

Case Material

Case Ultimate Strength (psi)

Weld Factor

Retrorocket Capability

Slivers

Clustering Concept

Igniter

6/260 inches

54.9

24.82

698

0. 693

0. 684

1.80

5.7

Gimbaled Nozzles

799

18-percent Ni Marage Steel

250,000

0.90

0.5 g for 3 seconds

Inert

Cross Beams

Aft-End Ignition

Table 3.2.9-5
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LIQUID STAGE CRITERIA

T65C Vehicle

LO2/LH 2 Second Stage

Engines

Propellant Weight (106 Ib)

Tank Diameter (feet)

Tank Material/Construction

Tank StiffeningD_sign Criteria

Ullage Pressures (Startburn/Burnout)

Pressurization Concept

Ullage Rocket Capability

Retrorocket Capability

Reserve Velocity Capability

Separation Plane

N204/Aerozine-50 Orbit Transfer Stage

Engines

Engine Chamber Pressure (psi)

Propellant Weight, including 2300-pound

A V reserve

Propellant Supply

Ullage Pressure (psi)

Pressurization Concept

Helium Storage Pressure (psi)

Ullage Rockets

Retrorocket Capability

Reserve Velocity Capability

Five M-1 at 1.5 x 106 lb

8. 218

70

2219-T87 Aluminum/Waffle

Failure at 20-degree Angle

of Attack at maximum q

LO 2 45/29

LH 2 43/39

Bleed: 160°R GH over LH 2

270°R GO 2 over LO 2

0.1 g for 3 seconds

1 g for 3 seconds

3.5 percent of 225-kilometer

24 feet forward of engine

gimbal plane

Two at 50,000-pound thrust

3OO

75,500 pounds

Pressure fed

43O

Helium Blowdown

3000

Not Required

0.1 g for 3 seconds

3.5-percent of ( _V567_km

- AV225-km) Orbit
Orbit

Table 3.2.9-6
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Ws 3c

Ws 3d

W7*

W7.2,6

W7.11

Wv 3c

W8

Ws 2c

Ws 2d

W7*

W7.2,6

W7.11

Wv 2c

W8

Wv 2i

W9

Ws lc

Ws ld

W7

Wv lc

W8

Wv 1L
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VEHICLE WEIGHT STATEMENT

T65C Vehicle

Payload (567-km)

ORBIT TRANSFER STAGE AT CUTOFF

Stage Dry Weight

Unusable Propellants and Gases

V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Transorbit Stage Cutoff

Orbit Transfer Stage Propellant

SECOND-STAGE WEIGHT AT CUTOFF

Stage Dry Weight

Unusable Propellant and Gases

A V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Second-Stage Cutoff

Second-Stage Propellant

Vehicle Weight at Second-Stage Ignition

Second-Stage Weight Loss During Sep./Start

FIRST-STAGE WEIGHT AT BURNOUT

Stage Dry Weight

Unused Propellant and Slivers

Vehicle Weight at First-Stage Burnout

First-Stage Propellant

Vehicle Weight at Liftoff

*W7, less 7.2, 7.6, and 7.11

Table 3.2.9-7
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1,021,000

20,350

17,180

755

2,300

115

1,041,350

73,200

869,890

590,250

94,440

154,000

31,200

1,984,440

8,064,000

10,048,440

26,100

2,970,420

2,890,920

79,500

13,044,960

24,823,400

37,868,360

I



W3

W4

SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST-STAGE

T65C Vehicle

STRUCTURE

3.4 Solid Propellant Container

3.6

3.4.1 Cylinder
3.4.4 Forward Bulkhead

3.4.5 Y Rings

3.4.6 Nozzle Boss

3.4.8 Container Wall Liner

3.4.9 Forward Bulkhead Insulation

3.4.15 Aft Bulkhead

3.4.16 Aft Bulkhead Insulation

3.4.18 Cylinder Extensions
3.4.26 Miscellaneous

Structure Forward of Tanks

3.6.1 Forward Interstage
3.6.11 Cluster Structure

3.6.11.1

3.6.11.2

3.6.11.3

3.6.11.4

3.6.11.5

Rings and Outer Ties
Cross Beams

Intercostals

Motor Case Extensions

Aft Ties

3.8 Structure Aft of Propellant Containers

3.8.11 Aft Support Structure

3.8.12 Aft Aerodynamic Fairing

3.14 Base Heat Protection

3.26 Miscellaneous

PROPULSION SYSTEM

4.2 Nozzle (gimbaled)

4.10.1 Thrust-Vector-Control Hardware

4.10.1.1 Support Structure

4.10.1.2 Power Unit

4.10.1.3 Actuators

4.26 Miscellaneous

Table 3.2.9-8
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2,276,210

1,884,990

1,481,400

46,200

83,400

24,120

39,400

14.600

4O,26O

81.550

36.960

37.100

282,220

129,000

153,220

27,800

6,800

4,100

114,000

520

70,300

66,200

4,100

20,000

18,700

595,000

562,000

21,900

1,050

11,250

9,600

11,100

I
I

I
I
I
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I
I
I

I
I
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I
I
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SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST-STAGE

T65C Vehicle

W6 EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure

6.2 Environmental Control System

6.5 Control System Electronics

6.7 Navio_.tion and Tracking

6.8 Telemetering and Measuring

6.11 Electrical System

6.12 Range Safety

6.17 Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases

6.17.5 Explosive Devices

Ws ld DRY STAGE

W7 RESIDUAL PROPELLANTS AND SERVICE ITEMS

7.9.13 Separation System Propellants

7.11 Solid Propellant Slivers (Inert}

Ws lc STAGE WEIGHT AT CUTOFF

W8 PROPELLANT CONSUMPTION

8.1 Solid Propellant

8.4 TVC Drive Propellant

Ws lg STAGE WEIGHT AT GROUND IGNITION

Ws If STAGE MASS FRACTION,

Table 3.2.9-8 {Cont. )
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19,710

550

100

1,550

3,160

750

13,600

2,600

10,500

500

2,890,920

79 500

19 500

60 000

2,970 420

24,823 400

24,820,000

3 400

27,793,820

0. 8931
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STRUCTURE

3.1 LH 2

3.1.1,2

3.1.4

3.1.5

3.1.10

3.1.12

3.1.14

3.1.15

3.1.26

3.2

3.6

3.7

3.8

3.9

3.14

3.26

SEMIDETAILED WEIGHT STATEMENT

LO2/LH2 SECOND STAGE

T65C Vehicle

Container

Skin, including Stiffening
Forward Bulkhead

Aft Bulkhead

Container Wall Insulation, Outer

Forward Bulkhead Insulation, Outer

Aft Bulkhead Insulation, Outer
Antislosh Devices

Miscellaneous

LO 2

3.2.4

3.2.5

3.2.12

3.2.14

3.2.15

3.2.26

Structure

Structure

Structure

Container

Forward Bulkhead

Aft Bulkhead

Forward Bulkhead Insulation, Outer

Aft Bulkhead Insulation, Outer

Antislosh Devices

Miscellaneous

Forward of Tanks

Between Tanks

Aft of Tanks

Thrust Structure

Base Heat Protection

Miscellaneous

PROPULSION SYSTEM AND ACCESSORIES

4.1 Engines and Accessories

4.7 Fuel System

4.7.3

4.7.4

4.7.7

4.7.8

4.7.10

4.7.26

Fill and Drain System

Distribution System

Vent System

Tank Pressurization System
Antivortex Devices

Miscellaneous

449,100

136,720

76.050

23,280

21,080

3,790

2,160

2,360

4,000

4,000

100,540

28,470

61,750

2,160

2,360

2,900

2,900

22,600

68,400

34,500

68,400

4,000

13,940

125,350

100,000

11,665

4O0

8,750

150

1,400

125

84O

Table 3.2.9-9
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH 2 SECOND STAGE

T65C Vehicle

Oxidizer System

4.8.3

4.8.4

4.8.7

4.8.8

4.8.10

4.8 o_• g-Ju

Fill and Drain System

Distribution System

Vent System

Tank Pressurization System

Antivortex Devices
$_ 1-,

4.10 Control System Hardware (TVC)

W6 EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure

6.2 Environmental Control System

6.8 Telemetering and Measuring

6.10 Propellant Utilization System

6.11 Electrical System

6.12 Range Safety

6.17 Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases

6.17.5 Explosive Devices

6.18 Ullage System (Attach Provisions)

Ws 2d DRY STAGE

W7 RESIDUAL AND RESERVE PROPELLANTS

7.1 LH 2 Pressurants

7.2 LH 2 for _V Reserves

7.3 LH 2 for Thrust Decay

7.4 LH 2 Trapped

7.4.3 In Lines

7.4.6 In Engine

7.5 LO 2 Pressurants

7.6 LO 2 for AV Reserves

Table 3.2.9-9 (Cont.)
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7,685

400

5,850
150

6O0

125

56O

6,000

15,800

6OO

140

1,900

1,300

3,200

160

6,800

1,300

4,200
300

1,700

590,250

279,640

14,600

25,600

2,100

6,350

4,500

1,850

31,840

128,400

i



!:!:!!!":i!:i: :ii":!
SEMIDETAILED WEIGHT STATEMENT

LO2/LH 2 SECOND STAGE

T65C Vehicle

7.9

7.11

7.26

LO 2 for Thrust Decay

LO 2 Trapped

7.8.3 In Lines

7.8.6 In Engines

Retrorocket Propellant

Maximum Propellant Utilization Residual (LO2)

Miscellaneous

Ws 2c STAGE WEIGHT AT CUTOFF

W8 PROPELLANT CONSUMPTION

8.1 LH 2

8.2 LO 2

Ws 2i STAGE AT IGNITION

W9 WEIGHT LOSS PRIOR TO IGNITION

9.1 Fuel for Start

9.2 Oxidizer for Start

9.3 Ullage System Propellants

9.7 Ullage Rocket Cases

Ws 2s STAGE AT SEPARATION

Stage Mass Fraction, ),' *

10,400

16,150

12,000

4,150

9,500

31,200

3,500

869,890

8,064,000

1,341,950

6,709 750

8,933,890

26,100

1,300

6,500

11 900

6 400

8,959,990

0.9026

I
I

I
I
I

I

I
I
I

I
I

I
* )t' - Propellant Consumption

Stage Weight at Ignition I

Table 3.2.9-9 (Cont.)
I

I

I
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STRUCTURE

3.1
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SEMIDETAILED WEIGHT STATEMENT

ORBIT TRANSFER STAGE

T65C Vehicle

10,080

Aerozine-50 Container 1,850

3.1.4 Forward Bulkhead 820

3.1.5 Aft Bulkhead 820

3.1.7 Support Structure Brackets 210

3.2 N20 4 Container i, 500

3.1.4 Forward Bulkhead 670

3.1.5 Aft Bulkhead 670

3.1.7 Support Structure Brackets 160

3.6 Structure Forward of Tanks 5,410

3.9 Thrust Structure 350

3.14 Base Heat Protection 350

3.17 Tank Support Structure 130

3.26 Miscellaneous 490

PROPULSION SYSTEM AND ACCESSORIES 6,315

4.1 Engines and Accessories (including TVC} 1,700

4.7 Fuel System 4,205

4.7.1 Fill and Drain 15

4.7.4 Distribution System 60

4.7.7 Vent System 20

4.7.8 Tank Pressurization System (including N204) 4,100
4.7.10 Antivortex Devices 10

4.8 Oxidizer System 110

15

65

2O

(included in 4.7.8}
10

4.8.3

4.8.4

4.8.7

4.8.8

4.8.10

Fill and Drain System

Distribution System

Vent System
Tank Pressurization

Antivortex Devices

I
I
I

W6

4.26 Miscellaneous

EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure

Table 3.2.9-10

IH-251
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SEMIDETAILED WEIGHT STATEMENT

ORBIT TRANSFER STAGE

T65C Vehicle

6.2

6.4

6.8

6.11

6.17

Environmental Control

Guidance System

Telemetering and Measuring

Electrical System

Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases

6.17.5 Explosive Devices

Ws 3d DRY STAGE

W7 RESIDUAL AND RESERVE PROPELLANTS

7.1, 5 Residual Propellants

7.2 Aerozine-50 for _V Reserves

7.4 Aerozine-50 Trapped

7.6 N20 4 for AV Reserves

7.8 N20 4 Trapped

7.9 Retrorocket Propellant

7.11 Maximum Propellant Utilization Residual (N204)

7.26 Miscellaneous

Ws 3c STAGE WEIGHT AT CUTOFF

W8 PROPELLANT CONSUMPTION

8.1 Aerozine-50

8.2 N20 4

Ws 3i STAGE WEIGHT AT IGNITION

Ws 3f STAGE MASS FRACTION, )t'

Table 3.2.9-10 (Cont.)

HI-252

30

200

240

50

215

5

10

2OO

17,180

3,170

59O

77O

3O

1,530

45

2O

115

7O

20,350

73,200

24,400

48,800

93,550

0.7825

I

I
!
I

I

I
I
!

I
I
I

I
I
I
I

I

I
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3.2.9.6 Vehicle Trade Studies

Two vehicle trade studies were conducted on a weight basis --second stage tankage

concept, and first stage case material.

3.2.9.6.1 Second-Stage Tank Concept

To select a tank configuration most suitable to the NOVA vehicle second stage,

three candidates were evaluated on a weight basis.

• A single tank with separate propellant containers (tank diameter = 70 feet),

• A cluster of five 25-foot-diameter tanks with separate propellant containers,

• An eight-cell tank (shell radius = 17.5 feet, tank diameter = 70 feet).

All configurations have a usable propellant capacity of 8,064,000 pounds (+ AV

reserve = 154,000) of LO2/LH 2 and five M-1 engines. The general arrangement

of the tank configurations is shown in Figure 3.2.9-9 and weight statements for

all three second stages are shown in Table 3.2.9-11.

Weight Analysis m

• Structure --The single- and multicell tanks are constructed of aluminum waffle

pattern, and the clustered tanks are constructed of an integrally milled sheet-

stringer pattern. Outside insulation was used, and cryogenic temperature

allowables for 2219-T87 aluminum were used wherever possible. Tankage

weight is allocated to weld lands based on weld lengths defined by manufactur-

ing. Interstage and intertank structure is integral sheet-and-stringer con-
struction.

• The dome (tank and closure) weight for the single tank is considerably higher

than for either of the others; however, the propellant capacity is also higher

(V Of D3). Skin gages and areas for these components are lower on the multi-

cell and multiple tanks, since they are composed of a number of sections of

small radius. The sidewall weight for the single tank is slightly higher than

for the multicell configuration, even though the area is smaller. However,

an equitable comparison must include the weight of the radial webs in the

multicell configuration, since they carry the hoop tension loading that is

removed from the side wall by the smaller diameter of the side wall seg-

ments as compared to the single tank. The clustered tanks suffer severely

in the side walls, since the hght pressure shell obtained from the 25-foot

diameter must be stiffened substantially to carry the axial loads.

• Figure 3.2.9-10 is a bar chart showing a breakdown of structural weights for

the three tankage concepts. Note that the weight advantage of the multicell

tank lies in the sharp decrease in the amount of interstage-type structure

required. The diagonally shaded areas to the right of the weight breakdown

divide the total propellant volume into the portion carried by each structural

III-257
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SEMIDETAILED WEIGHT STATEMENT

TANK CONFIGURATION TRADE

T65C Baseline Vehicle

STRUCTURE

3.1 LH 2 Container

3.1.

3.1.

3.1.

3.1.

3.1.

3.1.

3.1.

LO 2

3.2.

3.2.

3.2.

3.2.

3.2.

3.2.

3.2.

3.2.

3.2

1,2

3

4

5

10-14

15

26

Skin, including Stiffening

Radial Webs

Forward Bulkhead

Aft Bulkhead

Insulation

Antislosh Devices

Miscellaneous

Container

2,2

3

4

5

10-14

15

16

26

Skin, including Stiffening
Radial Webs

Forward Bulkhead

Aft Bulkhead

Insulation

Antislosh Devices

Center Tube

Miscellaneous

3.6 Structure Forward of Tanks

3.6.1 Forward Interstage
3.6.11 Forward Cluster Structure

3.7 Structure Between Tanks

3.8 Structure Aft of Tanks

3.8.1 Aft Skirt

3.8.11 Aft Cluster Structure

3.9 Thrust Structure

3.14 Base Heat Protection

3.26 Miscellaneous Structure

PROPULSION SYSTEM

4.1 M-1 Engines and Accessories

Single
Tank

449,100

120,620

58,850

23,280

21,080

8,310

4,000

5,100

102,040

28,470

61,750

4,520

2,900

4,400

30,400

30,400

78,000

34,500

34,500

68,400

4,000

11,140

125,350

100,000

Table 3.2.9-11
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Cluster

of Five

659,790

240,300

191,220

4,850

5,700

27,400

630

10,500

107,090

66,430

5,400

15,800

14,700
26O

4,500

40,400

25,400

15,000

54,400

165,200

122,000

43,200

34,400

5,000

13,000

127,350

100,000

Multicell

Tank

410,720

141,620

51,300

DU,OUU

7,010

8,210

9,500

5,000

162,370

29,850

63,300

8,520

18,900

5,000

32,000

4,800

5,050

5,050

10,420

31,700

31,700

46,500

5,000

8,060

123,350

100,000

I
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SEMIDETAILED WEIGHT STATEMENT

TANK CONFIGURATION TRADE

T65C Baseline Vehicle

4.7,8 Propellant Systems

4.10 TVC System

4.26 Miscellaneous

W6 EQUIPMENT AND INSTRUMENTATION

Ws 2d Dry Stage

W7 RESIDUALS AND RESERVE PROPELLANTS

7.2,6 AV Reserve

7.3,7 Thrust Decay

7.4, 8 Trapped Propellant

7.5 LO 2 Pressurants

7.9 Retrorocket Propellants

7.11 Maximum Propellant Utilization

Residual

7.26 Miscellaneous

Ws 2c Stage Weight at Cutoff

W8 PROPELLANT CONSUMPTION

Ws 2i Stage Weight at Ignition

Ws 2f Stage Mass Fraction, )_ '

Single
Tank

17,950

6,000

1,400

15,800

590,25O

279,640

154,000

12,500

22,500

32,140

9,500

31,200

Cluster

of Five

17 950

7 500

1 900

17 900

805 040

283 310

154,000

12,500

24,800

31,010

12,000

31,200

Multicell

Tank

16,300

6,000

1,050

14,800

548,870

281,890

154,000

12,500

26,780

31,010

8 500

31 200

3,500 3,500 3,600

869,890 1,088,350 830,760

8,064,000 8,064,000 8,064,000

8,933,890 9,152,350 8,894,760

0.9026 0.8810 0.9066

I
I

I
I
I

I

I
I
I

I
I
I

Table 3.2.9-11 (Cont.)
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member. The further to the right that each block extends, the more efficient

the component is in containing the volume. The propellant containers of the

single-tank configuration are quite efficient, but the connecting structure is

a heavy item and contains no propellant. Conversely, the cylindrical side-

walls of the clustered tanks are quite inefficient due to the sidewall thickness

required by the clustering loads.

• The weight statements shown in Table 3.2.9-11 reflect stage separation at

the engine gimbal plane for the multiple and multicell tanks and at a point

approximately 24 feet forward of the gimbal plane for the single-tank con-
figuration.

• Tank insulation weights are based on total tank areas of both propellants.

• Slosh suppression provisions consist of a beaded, lightened cylinder in each

propellant compartment with unit weights based on extrapolated data. The

radial webs of the multicell tanks were assumed to provide the same function.

• Thrust structure for the single tank is a 60-degree thrust-cone frustum with

four M-1 engines mounted on the periphery and one on a cross-beam structure

in the center. The multiple tank concept has one engine mounted on cross

beams on the aft end of each tank module. The multicell tank concept has

beams running from the center post to the web-sidewall joint, with one engine

mounted between alternate pairs of beams and a single engine at the center

of the cluster. In the single-tank and clustered-tank configurations, the

thrust loads are carried by the tank sidewall. The multicell utilizes beth

the external sidewall and the LO 2 tank center tube.

• The cluster structure for the clustered-tank configuration is a cross-beam

arrangement similar to that used on the solid propellant stage. Note that

the weight allocated as "structure aft of tanks --aft skirt" is also largely a

clustering penalty. A more efficient second-stage clustering concept might be

designed if the number of second-stage tank-engine modules equaled the number

of first-stage motors.

• As anticipated, the propellant container weight of the single tank and the

multicell tank are comparable. The net weight reduction of about 40,000

pounds in the multicell tank as compared to the single tank is largely a re-

sult of eliminating the inefficiencies involved in the interstage structures

that must transmit loads but have no propellant capacity.

• Propulsion System m The variation in propellant feed system weights depends

on the length of the lines in the various configurations. The LH 2 lines are

taken to be outside the LO 2 tank for the single-tank configuration, between
the LO2 tanks for the clustered tanks, and to run through the LO 2 tank center

tube in the multicell configuration. In addition, level-equalizing manifolding

is provided for the clustered-tank concept.

• Retrorocket and ullage rocket weights are functions of the inert weight of the

stage.

III-263
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Residuals- Line residuals were based on total line volumes in each case.

It was assumed there would be no residual propellant in the tanks for any con-

figuration. Level-equalizing manifolding for the clustered tanks and holes

in the radial webs of the multicell configuration maintain liquid levels and

pressures such that the I). U. residual is treated as that of a single tank.

3.2.9.6.2 First-Stage Case Material Trade

To evaluate the effect of case material allowable on vehicle weight, a motor con-

structed of HI) 150 (Ftu = 150,000 psi) was compared with one of I8-percent Ni

marage (Ftu = 250,000 psi). The pertinent criteria are listed in Table 3.2.9-12,

and a summary of the weight effects is shown in Table 3.2.9-13. The weight in-

crease of 814, 510 pounds associated with the change from 18-percent Ni marage

to the Ht ) 150 results in a payload decrease of approximately 98,000 pounds (with

no change in propellant weight).

Weights Analysis- Table 3.2.9-12 lists the criteria involved. The 0.65-inch
sidewall thickness for the maraged steel was obtained from ground load stability

considerations rather than hoop tension. The motor chamber pressure was

adjusted to give a maximum expected operating pressure that would require the

same thickness for the pressurized condition. Since no such limitation existed

for the thicker HP 150 case, the motor nominal chamber pressure was 600 psi,

and the MEOP was 720 psi.

!

I

r

I

I

I

I

WEIGHTS CRITERIA: First-Stage Solid-Propellant Case Materials

Steel

Ultimate Tensile Strength (psi)

Density (lb/in3)

Weld Factor

Nominal Case Thickness (inch)

Nominal Chamber Pressure (psi)

MEOI) (psi)

Type of

18 Ni Marage

250,000

0. 290

0.9

0.65

698

799

HI ) 150

150,000

0. 283

0.9

0.97

6O0

720

Table 3.2.9-12

A plot of motor weight as a function of case material allowable is shown in Fig-

ure 3.2.9-11. The motor weight is not inversely proportioned to the allowable,
since such items as the liner and nozzle are included. The broken line indicates

the minimum weight obtainable, based on the case stability criterion of minimum
wall thickness.
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WEIGHT COMPARISON First-Stage Solid-Propellant Case Materials

(Basic Motor)

Cylinder

Forward Head

Aft Head

Y Rings

Nozzle Boss

Handling Skirts

Nozzle, Gimbaled

Other

(Structural Provisions)

TVC System

(Equipment)

(Unused Propellant)

Total Inert Weight

Total Weight Change

Percent Change in Weight

Mass Fraction, A' *

* Wp1 (Six Motors)

Type of Steel

18 Ni (Ftu = 250,000 psi)

One Motor

409,680

246,900

7,700

6,710

13,900

4,020

6,160

93,670

30,620

409,680

0. 9099

Stage

2,458,090

1,481,400

46,200

40,260

83,400

24,120

36,960

562,000

183,750

391,220

21,900

19,710

79,500

2,970,420

0.8931

= 24,820,000

HP 150 (Ftu = 150,000 psi)

One Motor

543,920

359,920

11,350

9,490

20,200

4,320

6,010

100,170

33,250

543,920

+ 134,240

+32.7

0.8838

Stage

3,263,520

2,154,780

68,100

56,940

121,200

25,920

36,060

601,000

199,500

391,220

21,900

24,010

84,100

3,784,750

+ 814,510

+ 27.4

0.8677

Table 3.2.9-13

A summary of the weight changes is shown in Table 3.2.9-13. The weight in-

crease in utilizing HP 150 is less than might be anticipated because of the cham-

ber pressure difference indicated above. The difference in nozzle weights is also

due to the change in chamber pressure. The net stage-weight increase for the

change from 18 Ni marage steel to HP 150 is 814,510 pounds or 27.4 percent of

first-stage inert weight.
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3.2.9.7 Preliminary Design Vehicle

The weights for the final vehicle resulting from the trade studies conducted and

the details generated in various areas are shown in Tables 3.2.9-14 through

3.2.9-19. Vehicle weight statements are shown for the escape mission and for

the orbital mission (Tables 3.2.9-14 and 3.2.9-15, respectively). Semidetailed

weight statements are shown for the solid-propellant stage (Table 3.2.9-16), the

LO2/LH2 second stage (Table 3.2.9-17), the orbital transfer stage (Table

3.2.9-18), and the LO2/LH2 escape stage (Table 3.2.9-19).

The orbital payload configuration is essentially the same as that shown in Figure

3.2.9-5, with the payload as shown in Table 3.2.9-14. The escape stage con-

figuration is shown in Figure 3.2.3-16.

3.2.9.7.1 Weights Analysis

The criteria, ground rules, and analysis methods are similar to those in 3.2.9.4.1

except for the items described below, and the changes indicated in Tables 3.2.9-20

and -21. In addition, weights described in 3.2.9.4.1 as extrapolated from

previous data have been supplemented by detail calculations and design by the cog-

nizant technologies, and the current weights reflect these efforts.

First Stage-

Case Liner m Liner weights are based on the total inner surface of the motor

case being coated with a 0.1-inch-thick rubber-based liner with a density of

0. 042 pound per cubic inch.

Internal Insulation Bulkheads --Motors have phenolic-based insulation

( P = 0. 063 lb/in3) for the forward and aft bulkheads. The insulation weight

for the forward bulkhead is based on an average thickness of 0.5 inch. The

aft bulkhead insulation is a function of chamber pressure and burn time and

the average thickness is 3.7 inches.

LO2/LH 2 Second Stage

Tankage --The LO2/LH2 tankage pressure shells are designed by pressure

test requirements, rather than mission loads. This results in an increase

of approximately 15 percent of tank weight over the vehicle requirements.

The bulkheads have been designed as zonal sections, whose thickness is deter-

mined by the local curvature and pressure requirements. The non-propellant-

carrying cylindrical segments are designed by the 20-degree angle of attack

condition at maximum q. The tank structure is 2219-T87 aluminum waffle

and the intertank, structure, etc., is aluminum semimonocoque with inte-

grally milled stiffeners. The design limit ullage pressures are 42 psi for

the LO 2 and 38 psi for the LI-I2 tank, including venting tolerances.
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Ws 3e

Ws 3d

W7*

W7.2,6

W7.11

Wv 3c

W8

Ws 2c

Ws 2d

W7*

W7.2,6

W7.11

Wv 2c

W8

Wv 2i

W9

Ws lc

Ws ld

W7

Wv lc

W8

Wv 1L

:ii i:: • ""': :'": " _:i. i..: .::.! ! .!! ....... .. ":i:
VEHICLE WEIGHT STATEMENT

T65D Vehicle

Payload (567-kilometer orbit)

ORBIT TRANSFER STATE AT CUTOFF

Stage Dry Weight

Unusable Propellants and Gases

V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Transorbit Stage Cutoff

Orbit Transfer Stage Propellant

SECOND-STAGE WEIGHT AT CUTOFF

Stage Dry Weight

Unusable Propellant and Gases

A V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Second-Stage Cutoff

Second-Stage Propellant

Vehicle Weight at Second-Stagn Ignition

Second-Stage Weight Loss During Sep./Start

FIRST-STAGE WEIGHT AT BURNOUT

Stage Dry Weight

Unused Propellant and Slivers

Vehicle Weight At First-Stage Burnout

First-Stage Propellant

Vehicle Weight at Liftoff

• W7, less 7.2, 7.6, and 7.11

Table 3.2.9-14

III-268

1,070,000

20,400

17,115

765

2,400

120

1,090,400

74,600

873,200

596,450

81,050

154,000

41,700

2,038,200

8,064,000

10,102,200

44,900

3,093,870

3,000,870

93,000

13,240,970

24,820,960

38,061,930
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Ws 3c

Ws 3d

W7*

W7.2,6

_ITt7 _ I
vv a • .L_.

Wv 3c

W8

Ws 2c

Ws 2d

W7*

W7.2,6

W7.11

Wv 2c

W8

Wv 2i

W9

Ws ic

Ws id

W7

Wv Ic

W8

Wv IL
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VEHICLE WEIGHT STATEMENT

Escape Payload Vehicle

Payload (E scape}

ESCAPE-STAGE AT CUTOFF

Stage Dry. Weight

Unusable Propellants and Gases

V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Escape-Stage Cutoff

Escape-Stage Propellant

SECOND-STAGE WEIGHT AT CUTOFF

Stage Dry Weight

Unusable Propellant and Gases

A V Reserve Propellant

Maximum P.U. Residual

Vehicle Weight at Second-Stage Cutoff

Second-Stage Propellant

Vehicle Weight at Second-Stage Ignition

Second-Stage Weight Loss During Sep./Start

FIRST-STAGE WEIGHT AT BURNOUT

Stage Dry Weight

Unused Propellant and Slivers

Vehicle Weight at First-Stage Burnout

First-Stage Propellant

Vehicle Weight at Lfftoff

*W7, less 7.2, 7.6, and 7.11

Table 3.2.9-15

IH-269

466,000

69,000

46,290

4,110

15,000

_NN

535,000

630 000

873,200

596,450

81,050

154,000

41,700

2,038,200

8,064,000

10,102,200

44,900

3,093,870

3,000,870

93,000

13,240,970

24,820,960

38,061,930
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SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST STAGE

T65D Vehicle

STRUCTURE

3.4 Solid Propellant Container

3.6

3.4.1

3.4.4

3.4.5

3.4.6

3.4.8

3.4.9

3.4.15

3.4.16

3.4.18

3.4.26

Structure

3.6.1

3.6.11

Cylinder
Forward Bulkhead

Y-Rings
Nozzle Boss

Container Wall Liner

Forward Bulkhead Insulation

Aft Bulkhead

Aft Bulkhead Insulation

Cylinder Extensions
Miscellaneous

Forward of Tanks

Forward Interstage

Cluster Structure

3.6.11.1

3.6.11.2

3.6.11.3

3.6.11.4

3.6.11.5

Rings and Outer Ties

Cross Beams

Intercostals

Motor Case Extensions

Aft Ties

3.8 Structure Aft of Propellant Containers

3.8.11 Aft Support Structure

3.8.12 Aft Aerodynamic Fairing

3.14 Base Heat Protection

3.26 Miscellaneous

PROPULSION SYSTEM

4.2 Nozzle {Gimbaled)

4.10.1 Thrust-Vector-Control Hardware

4.26

4.10.1.1

4.10.1.2

4.10.1.3

Miscellaneous

Support Structure
Power Unit

Actuators

Table 3.2.9-16

III-270

2,380,930

1,892,490

1,488,700
46 200

83 400

24 120

39 500

14 600

40 260

81.550

36.960

37.200

326,600

145,000

181,600

42,180

16,300

4,100

118,500

52O

127,600

125,500
2 100

10,940

23 300

587 570

562,000

14,470

700

7,770

6,000

11,100
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W6

6.1

6.2

6.5

6.7

6.8

6.11

6.12

6.17
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SEMIDETAILED WEIGHT STATEMENT

SOLID PROPELLANT FIRST STAGE

T65D Vehicle

EQUIPMENT AND INSTRUMENTATION

Support Structure

Environmental Control System

Control System Electronics

Navigation and Tracking

Teremetering and Measuring

Electrical System

Range Safety

Separation System

6.17.1 Mounting Hardware

6.17.2 Rocket Cases

6.17.5 Explosive Devices

Ws ld DRY STAGE

W7

Ws lc

W8

Ws lg

Ws If

RESIDUAL PROPELLANTS AND SERVICE ITEMS

7.9.13 Separation System Propellants

7.11 Solid Propellant Slivers (Inert)

STAGE WEIGHT AT CUTOFF

PROPELLANT CONSUMPTION

8.1 Solid Propellant

8.4 TVC Drive Propellant

STAGE WEIGHT AT GROUND IGNITION

STAGE MASS FRACTION, _k'

Table 3.2.9-16 (Cont.)

HI-271

32,370

500

400

660

3,160

750

26,900

5,400

21,000

500

3,000,870

93,000

33,000

60,000

3,093,870

24,820,960

24,820,000

960

27,914,830

0.8892

!
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH 2 SECOND STAGE

T65D Vehicle

STRUCTURE

3.1 LH 2 Container

3.1.1, 2 Skin, including Stiffening

3.1.4 Forward Bulkhead

3.1.5 Aft Bulkhead

3.1.10 Container Wall Insulation, Outer

3.1.12 Forward Bulkhead Insulation, Outer

3.1.14 Aft Bulkhead Insulation, Outer

3.1.15 Antislosh Devices

3.1.26 Miscellaneous

LO 2

3.2.

3.2.

3.2.

3.2.

3.2 Container

4 Forward Bulkhead

5 Aft Bulkhead

15 Antislosh Devices

26 Miscellaneous

3.6 Structure Forward of Tanks

3.7 Structure Between Tanks

3.8 Structure Aft of Tanks

3.9 Thrust Structure

3.9.1 Skin and Stiffening

3.9.2 Longerons
3.9.3 Beam s

3.9.26 Miscellaneous

3.14 Base Heat Protection

3.26 Miscellaneous

PROPULSION SYSTEM AND ACCESSORIES

4.1 Engines and Accessories

4.7 Fuel System

4.7.3 Fill and Drain System

4.7.4 Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System

4.7. i0 Antivortex Devices

4.7.26 Miscellaneous

Table 3.2.9-17

III-272

465,150

150,650

98,100

16 810

17 740

4 400

1 600

1 600

6 000

4 400

88,000

37,100

44,900

3,500

2,500

22,000

77,200

37,000

74,200

40,400

3,840

12,500

17,400

4,000

12,100

122,390

100,000

12,175

400

8,750

150

1,400

125

1,350
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W6

Ws 2d

W7

6.1

6.2

6.8

6.10

6.11

6.12

6.17

6.18

DRY

RESIDUAL AND
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH2 SECOND STAGE

T65D Vehicle

4.8 Oxidizer System

4.8.3 Fill and Drain System

4.8.4 Distribution System

4.8.7 Vent System

4.8.8 Tank Pressurization System
4.8.10 Antivortex Devices

4.8.26 Miscellaneous

4.10 Control System Hardware (TVC)

EQUIPMENT AND INSTRUMENTATION

Support Structure

Environmental Control System

Telemetering and Measuring

Propellant Utilization System

Electrical System

Range Safety

Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases

6.17.5 Explosive Devices

Ullage System {Attachment Provisions)

STAGE

RESERVE PROPELLANTS

7.1 LH 2 Pressurants

7.2 LH 2 for AV Reserves

7.3 LH 2 for Thrust Decay

7.4 LH 2 Trapped

7.4.3 In Lines

7.4.6 In Engine

7.5 LO 2 Pressurants

7.6 LO 2 for AV Reserves

Table 3.2.9-17 (Cont.)

111-273

8,215

4OO

5,850

150

8OO

125

89O

2,000

8,910

510

25O

790

150

3,200

160

850

130

420

30O

3,000

596,450

276,750

11,900

25,600

2,100

6,350

4,500

1,850

30,000

128,400

!



:'!
°o_ ooo oo oo • • oo oo_

SEMIDETAILED WEIGHT STATEMENT

LO2/LH 2 SECOND STAGE

T65D Vehicle

7.7 LO 2 for Thrust Decay 10,400

7.8 LO 2 Trapped 16,150

7.8.3 In Lines 12,000

7.8.6 In Engines 4,150

7.9 Retrorocket Propellant 950

7.11 Maximum Propellant Utilization Residual (LO2) 41,700

7.26 Miscellaneous 3,200

Ws 2c STAGE WEIGHT AT CUTOFF 873,200

W8 PROPELLANT CONSUMPTION 8,064,000

8.1 LH 2 1,357,950

8.2 LO 2 6,706,050

Ws 2i STAGE AT IGNITION 8,937,200

W9 WEIGHT LOSS PRIOR TO IGNITION 44,900

9.1 Fuel for Start 1,300

9.2 Oxidizer for Start 6,500

9.3 Ullage System Propellants 29,600

9.7 Ullage Rocket Cases 7,500

Ws 2s STAGE AT SEPARATION 8,982,100

STAGE MASS FRACTION, _tT* 0.9025

!

= Propellant Consumption

Stage Weight at Ignition

Table 3.2.9-17 (Cont.)

III-274
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W3

W4

W6

STRUCTURE

3.1
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SEMIDETAILED WEIGHT STATEMENT

ORBIT TRANSFER STAGE

T65D Vehicle

Aerozine-50 Container

3.1.4 Forward Bulkhead

3.1.5 Aft Bulkhead

3.1.7 Support Structure Brackets

3.2 N204 Container

3.1.4 Forward Bulkhead

3.1.5 Aft Bulkhead

3.1.7 Support Structure Brackets

3.6 Structure Forward of Tanks

3.9 Thrust Structure

3.14 Base Heat Protection

3.17 Tank Support Structure

3.26 Miscellaneous

PROPULSION SYSTEM AND ACCESSORIES

4.1 Engines and Accessories (including TVC)

4.7 Fuel System

4.7.1 Fill and Drain

4.7. _ Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System (including

N204)
4.7.10 Antivortex Devices

4.8 Oxidizer System

4.8.3 Fill and Drain System

4.8.4 Distribution System

4.8.7 Vent System

4.8.8 Tank Pressurization (included in 4.7.8 )

4.8.10 Antivortex Devices

4.26 Miscellaneous

EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure

Table 3.2.9-18

m-275

9,900

1,900

84O

84O

220

1,550

690

690

170

5,410

350

350

140

2OO

6,065

1,700

3,945

15

6O

20

3,840

10

110

15

65

20

10

310

1,150

85

i



6.2

6.4

6.8

6.11

6.17

:iii :! !
SEMIDETAILED WEIGHT STATEMENT

ORBIT TRANSFER STAGE

T65D Vehicle

Environmental Control

Guidance System

Telemetering and Measuring

Electrical System

Separation System

6.17.1 Mounting Hardware

6.17.2 Rocket Cases

6.17.5 Explosive Device

Ws 3d DRY STAGE

W7

7.9

7.11

7.26

Ws 3c STAGE

W8

Ws 3i

Ws 3f

RESIDUAL AND RESERVE PROPELLANTS

7.1, 5 Residual Propellants

7.2 Aerozine-50 for AV Reserves

7.4 Aerozine-50 Trapped

7.6 N20 4 for _V Reserves

7.8 N204 Trapped

Retrorocket Propellant

Maximum Propellant Utilization Residual (N204)

Miscellaneous

WEIGHT AT CUTOFF

PROPELLANT CONSUMPTION

8.1 Aerozine-50

8.2 N20 4

STAGE WEIGHT AT IGNITION

STAGE MASS FRACTION, _'

Table 3.2.9-18 (Cont.)

III-276

30

60O

120

100

215

5

10

2OO

17,115

3,285

6OO

80O

3O

1,600

45

2O

120

70

20,400

74,600

24,870

49,730

95,000

0. 7853
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH 2 ESCAPE STAGE

T65D Vehicle

STRUCTURE

3.1 LH 2 Container

3.1.4 Forward Bulkhead

3.1.5 Aft Bulkhead

3.1.12 Forward Bulkhead Insulation, Outer

3.1.14 Aft Bulkhead insulation, Outer

3.1.15 Antislosh Devices

3.1.26 Miscellaneous

3.2 LO 2 Container

3.2.4 Forward Bulkhead

3.2.5 Aft Bulkhead

3.2.15 Antislosh Devices

3.2.26 Miscellaneous

3.6 Structure Forward of Tanks

3.7 Structure Between Tanks

3.8 Structure Aft of Tanks

3.9 Thrust Structure

3.14 Base Heat Protection

3.26 Miscellaneous

PROPULSION SYSTEM AND _CCESSORIES

4.1 Engines and Accessories

4.7 Fuel System

4.7.3 Fill and Drain System

4.7. 4 Distribution System

4.7.7 Vent System

4.7.8 Tank Pressurization System

4.7.10 Antivortex Devices

4. 7.26 Miscellaneous

4.8 Oxidizer System

4.8.3 Fill and Drain System

4. 8.4 Distribution System

Table 3.2.9-19

III-277

33,370

8,640

3,330

3,810

550

550

200

2OO

3,170

870

2,050

150

100

5,050

2,230

11,170

1,750

6OO

76O

11,160

9,300

68O

100

320

5O

100

2O

9O

55O

100

210

I
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SEMIDETAILED WEIGHT STATEMENT

LO2/LH2 ESCAPE STAGE

T65D Vehicle

4.8.7 Vent System

4.8.8 Tank Pressurization System
4.8.10 Antivortex Devices

4.8.26 Miscellaneous

4.10 Control System Hardware (TVC)

W6 EQUIPMENT AND INSTRUMENTATION

6.1 Support Structure

6.2 Environmental Control System

6.4 Guidance System

6.8 Telemetering and Measuring

6.10 Propellant Utilization System

6.11 Electrical System

6.17 Separation System

6.17.1 Mounting Hardware
6.17.2 Rocket Cases

6.17.5 Explosive Devices

6.18 Ullage System (Attachment Provisions)

Ws 3d DRY STAGE

W7 RESIDUAL AND RESERVE PROPELLANTS

7.1 LH 2 Pressurants

7.2 LH 2 for _V Reserves

7.3 LH 2 for Thrust Decay

7.4 LH 2 Trapped

7.4.3 In Lines

7.4.6 In Engine

7.5 LO 2 Pressurants

7.6 LO 2 for AV Reserves

7.7 LO 2 for Thrust Decay

7.8 LO 2 Trapped

7.8.3 In Lines

7.8.6 In Engines

Table 3.2.9-19 (Cont.)

IH-278

5O

100

2O

7O

63O

1,760

6O

5O

6OO

140

5O

2O0

25O

10

4O

20O

410

46,290

22,710

980

2,500

5

38O

330

5O

1,470

12,500

25

99O

77O

220

I
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I
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I
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SEMIDETAILED WEIGHT STATEMENT

IX)2/LH 2 ESCAPE STAGE

T65D Vehicle

WB 3e

7.9

7.11

7.26 Miscellaneous

STAGE WEIGHT AT CUTOFF

W8

Ws 3i

Retrorocket Propellant

Maximum Propellant Utilization Residual (LO2)

PROPELLANT CONSUMPTION

8.1 LII 2

8.2 LO 2

STAGE AT IGNITION

STAGE MASS FRACTION, _'

' = Propellant Consumption

Stage Weight at Ignition

Table 3.2.9-19 (Cont.)
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3,600

200

69,000

630,000

106,170

523,830

699,000
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• Insulation- No insulation is required on the L• 2 tank. The LH2 tank insula-

tion requirement is approximately 0.12 inch on the forward and aft bulkheads

and 0.08 inch on the cylindrical sidewall.

• Propellant Loading/Utilization System-- The open-loop, on-loaded fuel P.U.

system requires no flow metering or control devices. It does, however, re-

quire a system to determine the tank loading at launch. The weight includes

provision for level sensors and temperature probes, a stillwell, and the nec-

essary wiring and support structure.

• Propellant Utilization Residual --The propellant required by the propellant
utilization concept is:

Maximum residual (2a) = 41,700 pounds

On-loaded fuel = 16,750 pounds

The propellant required by performance for the nominal mission is 8,064,000

pounds. The propellant loaded at the loading mixture ratio is:

8,064,000 pounds required propellant consumption

_ 16,750 LH 2 on-load

8,047,250 pounds

+ 41,700 Maximum residual

8,088,950 pounds Total LO2/LH 2 for nominal mission at loading mixture

ratio

Note that this system ensures the burning of 16,750 pounds of propellant in

addition to the 8,047,250 pounds, and the 16,750 pounds burned may be either

all LH2 or a combination of LO2/LH2 out o_ the 41,700 pounds on-loaded. The

maximum residual may be either all LO2, all LH2, or a combination at any
mixture ratio.

Orbital Transfer Stage -- The orbital transfer stage consists of a pair of N204/

Aerozine-50 pressure-fed engines, 74,000 pounds of propellant, associated tank-

age, and hardware. The guidance package for the entire vehicle is contained in

the transtage area. Included is 48 inches of cylindrical interstage to which the

propulsion units are fixed. The weights criteria and ground rules are unchanged
from Table 3.2.9-10.

Escape Stage- The escape stage is LO2/LH 2 third stage powered by three J-2
engines. Analysis methods are generally the same as those for the second stage.

Criteria and ground rules are listed in Table 3.2.9-22.
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LO2/LH 2 ESCAPE-STAGE WEIGHTS CRITERIA

Engines

Propellant Weight (including 15,000-

pound AV Reserve)

Tankage

Tank Material

Tank Construction

LO 2 Tank Diameter (feet)

LH 2 Tank Diameter (feet)

Limit Ullage Pressure (psia)

Pressure Design Requirement

Pressurization Concept

Mean Gas Temperature at Burnout

Ullage Rocket Capability

Retrorocket Capability

Reserve Velocity Capability

3 J-2

645,000 pounds

0.8 b/a ellipsoids

2219-T87 aluminum

Zonal Sections

13

4O

LO 2: 35

LH 2: 35

Proof Test

Bleed

GH2: 160°R

GO2: 270°R

0.1 g for 4.5 seconds

0.1 g for 3 seconds

3.5 percent of ( _Vescape

- AV225_km )

orbit

Table 3.2.9-22

m-2s3
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3.2.10

D2-22431-TTT

3.2.10.1 Environmental Requirements

3.2.10.1.1 First-Stage Solid Motor

Solar Radiation -- The vehicle will be assembled in a sheltered "launch building"

providing adequate solar shielding during assembly.

Humidity -- Motor cavity relative humidity will be controlled to below 60 percent

at 60°F and 45 percent at 80°F.

Temperature -- Temperature decay rates from the time of propellant curing to

launch time using natural or forced cooling (or both) were established using a

mathematical model that assumed a circular port of equal cross-sectional area

as the star-port area.

Propellant cure temperature was assumed to be 140°F. The analysis starts

after propellant has cured. The motor is cooled only on the exterior with 15 fps,

80°F ambient air for t month. At this time, the cavity wall temperature is

96.6°F and the outer-case propellant is at 80.49°F.

The motors are fitted with their respective hardware during the next month. The

first motor is held until all six are fitted, assuming a production rate of six

motors per month. The motors are then moved to the launch building where they

will remain for 4 months for vehicle assembly and launch operations.

Considering the 4 months on the launch pad, two modes of motor cooling were

analyzed. In the first mode, forced air was used to cool the cavity, and natural

convection cooled the motor exterior. In the second mode, only the motor

exterior was cooled, again by natural convection. The resulting temperature

differences in the motor cavity are shown below for the first and last motor

produced for that stage.

Cavity cooled

Exterior natural convection

A Temperature = 0.002°F

Cavity not cooled

Exterior natural convection

A Temperature = 0. 601°F

Figures 3.2.10-1 and -2 show the temperature profiles for the first and last

motors of the production run being cooled in the above modes. Cavity cooling

was assumed in the motor variance study.

A temperature difference of 0. 601°F between motors will result in an initial

thrust difference of 0.06 percent; therefore, it is concluded that no cavity cooling

during assembly on the launch pad is required on a motor variance basis. Tem-

perature profiles influencing motor web time thrust were beyond the scope of this

study.
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Detailed examination of the environment control requirements was beyond the

scope of this study. However, certain operational hazards can be identified with

liquid hydrogen that will impose insulation or conditioning requirements on

specific areas of the vehicle. Hydrogen tankage and fill lines must either be

insulated sufficiently to prevent condensation of liquid air or oxygen, or exposed

only to a noncondensable atmosphere.

Conditioning requirements for LO2/LH 2 engines are now evolving in the Saturn

S-IV and S-H programs. Insufficient data are now available to define the M-1

engine requircments. However, several _ - -_ ,_+h_oc,,,_,Atlonlng ........ appear feasible:

• A warm engine installation, with propellant prevalves located sufficiently

far upstream to prevent filled LO 2 or LH 2 line exposure to the atmosphere.

Such an installation would require an in-flight chilldown cycle of several

seconds late in the first-stage operating period. However, it would require

no conditioning on the launch pad.

• A chilled system, with provisions for propellant recirculation around the

turbopump. Effectively, this system will require no chilldown in flight, but

would require extensive insulation or helium purging on the pad. Where

feasible, this approach is considered the more desirable, since the chill-

down can be monitored as another countdown function and any malfunction
corrected.

The second-stage engine compartment, located over the open first-stage motor

cluster, is difficult to insulate or purge efficiently. For this reason, it is ten-

tatively proposed to use the warm-system approach and an in-flight chilldown

for that stage.

The second-stage intertank cavity should be continuously purged with low pres-

sure nitrogen or helium and a pressure relief provided to prevent over-

pressurization of the compartment. The lower head of the hydrogen tank is

sufficiently insulated to prevent liquefaction of air (see 3.2.10.5.2).

No environment control is required for the transtage propulsion systems.

The escape-stage engine compartment should be sealed, vented, and purged with

helium. The J-2 engines should be chilled on the pad, and a propellant recircula-

tion system should be provided. The compartment should be vented during flight

at a rate sufficient to prevent compartment pressurization during flight and slow

enough to prevent ambient air entry.

The payload hydrogen tankage will require insulation or other means to prevent

liquid oxygen or air from freezing on the tankage surface.

III-287
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The large volume of combustion gases expelled from the T65 vehicle during

first-stage burning provide a potential source of atmospheric contamination.

The gases are highly toxic, as indicated by the composition for a typical solid

propellant in Table 3.2.10-1. The quantity of gas generated, in terms of time

and altitude, is shown in Table 3.2.10-2. The volume of gas shown was calcu-

lated at 77°F and would, in practice, be several times greater because of its

high temperature. A large vortexing gas cloud will rise through the atmosphere

because of low gas density. Although some heat will be lost to the surrounding

atmosphere by radiation, this loss will tend to be compensated by condensation

within the rising cloud. Thus, the gas cloud will expand nearly adiabatically

as it rises. The cloud would rise until its density equaled that of the surround-

ing atmosphere. This should occur at an altitude of slightly over 10 kilometers

near the top of the troposphere.

The extent of the atmospheric pollution problem will depend largely on the

environmental conditions at any given time. With the planned testing of 260-inch-

diameter development motors, additional data on atmospheric contamination will

be accessible and should be gathered. The contamination requires further study

in terms of corrosion protection necessary for ground equipment, cloud dissipa-

tion, and the weather conditions required to avoid precipitation scavenging of

hydrogen chloride.

COMBUSTION PRODUCTS FOR A TYPICAL SOLID NOVA PROPELLANT

I
I

I
I
I

I

I
I

I
Each pound of propellant when burned yields 0. 335 pounds of A120 3 with a particle

size of approximately 3 to 5 microns.

Each pound of propellant burned yields 0. 665 pounds of gas having the following
i

composition:

CO 36.72 wt %

CO 2 4.77

HC1 31.47

N 2 12.26

H20 11.57

H2 3.48

The gas has an average molecular weight of 30.08 (air = 28.97).

The density at 77°F, 1 atm.= 0. 0794 lb/ft 3 (air = 0. 0765).

Temperature of gas when exhausted = 2359°C.

i
I

!
I
I
I

I
Table 3.2.10-1
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Vehicle T65C

Volume of
Time Altitude Propellant burned

(seconds) (feet) (pounds) gas exhausted*
(cu. ft)

355 000

471,000

471 000

471,000

471 000

471,000

177,000

177,000

177,000

177,000

356,000

356,000

356,000

356,000

356,000

356,000

271,000

0-10 ground level 2,

10-12 750-1100

12-14 1100-1500

14-16 1500-2000

16-18 2000-2600

18-20 2600-3200

20-25 3200-5200 1,

25-30 5200-7700 i,

30-35 7700-10700 1,

35-40 10700-14400 1,

40-50 14400-23700 2,

50-60 23700-35700 2,

60-70 35700-50600 2,

70-80 50600-68800 2,

80-90 68800-95500 2,

90-100 95500-128100 2,

100-105.4 128100-146100 1,

19,721,000

3,944,000

3,944,000

3,944,000

3,944,000

3,944,000

9,856,000

9,856,000

9,856,000

9,856,000

19,729,000

19,729,000

19,729,000

19,729,000

19,729,000

19,729,000

10,650,000

* at 77°F, 1 atmosphere

Table 3.2.10-2

3.2.10.2 Base Protection

3.2.10.2.1 Introduction

Heating to the base region of most multinozzle rocket vehicles is of sufficiently

high magnitude to cause structural failure unless adequate thermal protection is

provided for the load-carrying structure. Numerous model tests of specific

configurations and some full-scale flight tests have been conducted to determine

the distributions and levels of heating in the base area. Theoretical methods for
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predicting this h"_ti_ h_ve _ _v'_ slt_ce,_fll].," l_;_n_ly due to the com-

plexity of the three-dimensional flow fields involved. Thus, even though the

causes for base heating are well known, an empirical approach based on past

test data appears to be the best method for estimating base heating when con-

ducting preliminary design studies.

A discussion of various parameters affecting the base heating of a vehicle using

an aluminized solid propellant is given in Reference 1. This discussion applies

to the first stage of the T65C vehicle where base heating is caused by both

radiation from exhaust gases of the solid propellant and by convection as the

exhaust gases recirculate through the base. The second stage differs from the

first stage in that liquid propellants consisting of liquid oxygen and hydrogen

are used for propulsion, and radiation from the M-1 rocket-engine exhaust

plume resulting from these propellants may be neglected.

3.2.10.2.2 Determination of the Base Heating Rates

3.2.10.2.2.1 Radiation from the Exhaust Plumes to the Base Region

Radiation heating of the base region can be a significant portion of the total heat

input if the exhaust gases are strong radiators. Examination of the exhaust pro-

ducts of the second-stage LO2/LH2 rocket engine shows that these products are

very weak radiators. The effective emissivity of the plume of these products is

so low that, for preliminary design studies, radiation to the base area of the

second stage can be neglected. The plume of the first-stage aluminized solid

propellant rocket contains alumina particles which are strong radiators. The

emissivity of a large cloud of alumina approaches one and produces a high

radiation flux when combined with the high temperatures of the particles. Thus,

consideration must be given to radiant heating of the first-stage base area.

The radiation heat flux from the plume to a point in the base is calculated from

¢i = •a Tp4F12A1 (Btu/ft2sec)

where ¢] =

a ----

E _-

Tp=

F12A 1 =

Radiation heat flux (Btu/ft2sec)

Stephan-Boltzman Constant (4.8 x 10 -13 Btu/ft2sec °R4)

Emissivity

Plume temperature (°R)

View factor

In general, the temperature of the alumina particles varies along the plume

length, but sufficient measurements are not available to establish the tempera-

ture distribution. For preliminary design purposes, a few of the available

measured radiation heating rates are combined with a suitable view factor and

HI-290
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the equivalent plume ZcTn}_l'a_l_'e_is _cala*te_k ° _i_is t_n_per_t_re is then scaled

to the rocket under consideration by use of the combustion temperature.

The view factor geometrically relates the relative positions of the radiating and

receiving surfaces. The plume radiating surface is assumed conical. This

assumption is supported by Minuteman experience. The receiving surface can

be taken as a small area of interest in the base region. A computer program

(Reference 2) was used to calculate the view factors for this type of geometric

system and a radiation heating rate distribution over the base region was obtained.

The resulting radiation heating rates and distributions to the base heat shield and

exterior of nozzles are shown in Figures 2,. 2. i0-3 through 3.2.10-6. These data

show that (1) the radiant heat rate to a particular point is constant, and (2) radia-

tion is the sole form of base heating up to an altitude of 27,000 feet.

3.2.10.2.2.2 Convective Heating of the Base Region Due to Recirculated
Exhaust Gases

Determination of Base Flow Regimes--As the vehicle rises, the drop in ambient

pressure causes the exhaust plumes to expand. Their intersection causes a

shock wave, which forces a portion of the boundary layers of the plumes to flow

back toward the base. The amount of reversed flow is affected by the ambient

pressure until the flow chokes (i. e., sonic speed reached at a minimum area).

At this time, the reverse flow becomes constant and is independent of the ambient

pressure.

The method of Geothert (see Reference 3) was used to determine the flow regimes.

The second stage operates at an altitude where there is always "choked" reversed

flow; thus, no change occurs in the heating rate with altitude. The first-stage

base flow consists of periods of ambient flow over the base, the onset of reversed

plume gas flow, and the fully "choked" reversed flow. Since Goethert's results

were for a four-nozzle configuration, a correction was made for the six-nozzle

first stage in determining the altitudes that bound the various flow regimes.
The results are:

• Ambient flow over the base up to the onset of reversed flow at 27,000 feet.

• "Choked" flow occurs at 52,000 feet and continues until stage burnout.

Convective Heating Rates- First-stage convective heating rates in the fully

reversed plume flow regime were estimated by the four methods used in

Reference 1. When the base parameters of the T65C vehicle were used in these

methods (corrections being made for the six-engine configuration), the resulting

convection heating rates to the center of the base ranged from 100 to 600 Btu/

ft2sec. This large variation is in direct contrast to very small variation in

results obtained on the 500K vehicle (Reference 1). The failure of the four

methods to predict a similar heating rate is an indication that the base
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configuration of _s'_'ih_c_e_ent_:;r'_em_ b:io::_p_'£ent prediction tech-

nology. Early mo_te'l'base hera_ testin'g _ o} t'he'base co_igt_ation is necessary to

establish the convection heating rates.

For preliminary design purposes, a maximum convective heating rate to the base

center of 370 Btu/ft2sec * was assumed. The heating rate is based on a wall

temperature of 520°R. This produces a totalheating rate to the base center of

500 Btu/ft2sec when combined with the radiation heating. This value is con-

siderably higher than that measured on any operational vehicle and higher than

the estimated rate for the Reference 1 vehicle. It is believed, though, to be

realisticfor this base configuration.

The maximum convective flux of 370 Btu/ft2sec is for the choked-flow condition,

which, as shown previously, occurs at 52,000 feet and continues until burnout.

The heating magnitudes and distributions with base position are shown in

Figures 3.2.10-3 through -6 as a function of altitude. These data are for the

first stage.

The second-stage convection heating rate was determined from S-II base heating

tests (see Reference 4). The tested configuration was quite close to the T65C

vehicle second stage and the results were used directly. The heating rate will

be constant over the burn time of the second stage. The heating distribution and

rates are shown in Figure 3.2.10-7.

3.2.10.2.3 Base Thermal Protection

First Stage w Microballooned phenolic nylon (density -- 30 lb/ft 3) was used to

provide thermal protection of the first-stage base heat shield and nozzle skirts.

This is a char forming plastic material having good ablation characteristics and

fairly good insulation properties. The maximum load-carrying structural tem-

perature was held to 200°F by providing sufficient ablation material to act as

both an ablator and an insulator.

Other materials, such as NASA-designated M-31, were considered. Studies

have shown, however, that microballooned phenolic nylon is an efficient material

for providing thermal protection in the heating environment described in the

preceding sections. The M-31 material is used on the base heat shield of the

S-IC stage of the Saturn V vehicle. Very little data relative to its properties

are available. Thus it is not known how this material would perform in the more

severe thermal environment encountered by the base heat shield of the first stage
of this vehicle.

* This value was chosen because it gives a total heating rate that agrees with

extrapolated full-scale Polaris and Minuteman data.
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Figure 3.2.10-7 HEATFLUX ESTIMATEFORT65C
SECOND-STAGEHEATSHIELD

The thermal protection weights were determined by an IBM 7090 digital computer

program. This program accounts for transient (1) char layer growth, (2) char

surface temperature, and (3) mass loss rate, by solving a series of simultan-

eous equations. Transient heat conduction in the virgin plastic is accounted for

by a system of finite difference equations. This results in temperature distri-
butions throughout the ablation material.

The heating presented in 3.2.10.2.2 is primarily dissipated by (1) reradiation

from the hot char surface temperature, (2) reflection of the radiant heat input,

and (3) blockage of the convective heating by the injection of decomposition

gases into the boundary layer. This results in a relatively small quantity of

heat actually creating ablation and being conducted into the virgin plastic.

The resulting ablation material requirements are 0.58 inch at the heat shield

outer edge and 0.78 inch at the center. The average ablation thickness on the
interior of the nozzle skirts is 0.50 inch.
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Second Stage- _x]_u_a "_a_n_ of:2e _con_-s_g::_3_ area occurs at the

outer edge of the _e_{'sl_ield" (_ee'l $ ig_e" 3:2".'f0 "-7). "_hi_ "is due to the five-

engine arrangement in which one of the engines is located in the center of the
base.

The convective heatin_ rate is rather low --a maximum of 4.5 Btu/ft2sec. The

long burn time, however, of the second stage (459 seconds) creates a substantial

thermal protection requirement to maintain a maximum load-carrying structural
temperature of 200 °F.

The ablation requirements, using microballooned phenolic nylon, are 0.75 inch

at the heat shield outer edge and 0.40 inch next to the interior engine.

3.2.10.3 External Heating

Heating of the boost vehicle while on the launch pad and during flight was

examined to determine interstage temperatures and insulation requirements for

the second-stage liquid hydrogen tank.

3.2.10.3.1 Heating While on the Launch Pad

Modes of heat transfer to the external tank wall while on the ground are radiation

(solar) and convection. Solar radiation is considered of secondary importance

and thus was neglected in this study. This is due to the availability of coatings
having high emissivities and low absorptivities with respect to solar radiation.

Convective heating to the external hydrogen tank wall was investigated for free

convection (no wind) and forced convection (definite wind). The primary ground

conditions affecting convective heat transfer are air temperature, density, and
wind velocity.

The heat transfer coefficient due to turbulence-free convection (no wind) to a

vertical surface is given by:

Z/3
h = 0.19 (Taw-Tw) (See Reference 5)

where h -- Heat transfer coefficient (Btu/ft2hr-°R)

Taw = Adiabatic wall temperature (°R)

T w = Wall temperature (°R)

The heat transfer coefficient due to forced convection created by the flow of air

normal to a vertical surface is determined by:
n

NNU = B (NRE) (SeeReference6)
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where NNU =

NRE =

B=

n =

D =

V=

P =

=

K=

Therefore, h-
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Reynolds number DV P/g

Reynolds factor

Reynolds number exponent

Diameter (feet)

Wind velocity (fps)

Air density (lb/ft 3)

Viscosity of air (lb/ft-hr)

Thermal conductivity (Btu/ft-hr-°F)

D

A 20-mph wind was selected as a reasonable design condition. Evaluating air

properties at an average boundary layer temperature and taking B = 0.02 and
n = 0.8 give the following heat transfer coefficient for the 70-foot-diameter
tank.

h v = 20 mph = 2.52 Btu/ft2hr °R

3.2.10.3.2 Heating During Boost

Aerodynamic heating during boost was based on the thermal environment

encountered in flying the trajectory given in Figure 3.2.10-8. Heat transfer

coefficients to the sidewall of the tank were computed from the equation

S

h = 0.144KNpRNRE X(lOgl0NRE )2.45

where K and NRE are as defined in 3.2.10.3.1

S = Rubesin correction factor

X = Distance (feet)

Npr = Prandtl number
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Figure 3.2.10-8 BOOSTTRAJECTORY

The resulting heat transfer coefficients are given in Figure 3.2.10-9 for a

wall temperature of 40°R and for an equilibrium wall temperature. These

values are for turbulent fiat-plate flow 180 feet from the nose.

Values of adiabatic wall temperature for the boost trajectory are presented in

Figure 3.2.10-10.

3.2.10.4 Interstage

Temperatures occurring during boost flight are shown in Figure 3.2.10-11

for the interstage between the first and second stage, the intertank section of

the second stage, and the interstage between the second stage and the payload.
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These data are based on a transient analysis that accounts for the heat storage

of the interstage walls and reradiation to space. Aerodynamic heat transfer

coefficients shown in Figure 3.2.10-9 for TW = Teq with appropriate correc-

tions made for differences in distance from the nose and adiabatic wall tempera-

tures given in Figure 3.2.10-10 were utilized in the analysis.

The variations in temperatures are due to differences in aluminum skin thick-

nesses. These differences, dictated by structural requirements for supporting

loads encountered during boost, create substantial variations in the heat scorage

capability of the wall. This results in the temperature variations shown.

These data show that no insulation is required on the interstage or intertank

section of the second stage.

3.2.10.5 Cryogenic Insulation

3.2.10.5.1 Introduction

Heat absorbed by an uninsulated second-stage liquid-hydrogen tank during first-

stage flight produces excessive hydrogen boiloff. Thus, insulation is required on
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the liquid hydrogen t_ _ocnm, r_e _il_f l_ssos _ccttr_Lg_kirmg boost, and

prevent liquefaction of air.

The latter requirement is necessary to reduce hazardous conditions around the

launch pad.

Insulation requirements were optimized for flight conditions, since the design

objective is to have no flight penalties attributable to ground environment.

Heating on the ground was investigated to determine minimum insulation thick-

nesses necessary to prevent liquefaction of air and to determine refueling

requirements resulting from boiloff while on the launch pad.

Cork was used for insulation based on 1) several studies showing that cork is a

good insulator for producing minimum total weight of boost vehicles utilizing

cryogenic propellants, and 2) tests conducted with cork applied to the exterior

of small tanks filled with liquid hydrogen.

I

I
I
I

I

These tests demonstrate that cork can be applied externally to a liquid hydrogen

tank without failure of the bondline, material, or sealing film. A thin mylar

film is bonded to the cork exterior to prevent cryopumping. All studies are

based on cork being applied to the outside of the tank.

3.2.10.5.2 Insulation Requirements to Prevent Liquefaction of Air

The outer temperature of the insulation must be equal to or greater than the

liquefaction temperature of air-- conservatively assumed as 170°R. This

necessitates using sufficient insulation on the liquid hydrogen tank walls and

bulkheads to provide the desired temperature profile through the insulation

material. The critical design condition determining minimum thicknesses is

created by the steady-state heating that occurs while the vehicle is on the launch

pad.

I
I

I
I
I

3.2.10.5.2.1 Sidewalls

Steady-state heat flow through the insulation on the sidewalls is given by:

Kc

h(Taw-Tw) - lc (Tw-Tprop)

where h = Heat transfer coefficient (Btu/ft2-hr-°R)

= 0.19 (Taw-Tw)1/3 (See 3.2.10.3.1.)

Taw = Adiabatic wall temperature (°R)

T w = Cork outer surface temperature (°R)

Tprop = Propellant temperature, LH 2 (°R)

HI-301
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Kc= Co "_ic_i_'t_ :i_ir_i_f'_o_)::i :ii i:i

1c = Cork thickness (feet)

Assuming an air temperature of 100°F, a T w of 170°R (conservative estimate of

the liquefaction temperature of air), and a liquid hydrogen temperature of 43°R

gives a minimum cork thickness of 0.06 inch.

3.2.10.5.2.2 Forward Bulkhead

The minimum insulation thickness required to prevent liquefaction of air on the

forward bulkhead of the liquid hydrogen tank was determined by the following
heat balances:

where

Total heat input = Awh I (Twl-Tg)

Awh 1 (Twl-Tg)

Ahh 2 (Tg-Tw2)

Wwl --

Tw2 =

Tg=

Tprop =

h

h2=

A W --

Ah=

K c =

1c =

--Ahh 2 (Tg-Tw 2)

Kc

= Ah _c (Tw2-Tpr°p)

Intertank wall temperature (°R)

Cork outer-surface temperature (°R)

Mean compartment gas temperature (OR)

Temperature of LH 2 propellant-- 37°R

Free convection heat transfer coefficientfor vertical planes

(turbulent region)- 0.30 (AT) 1/4 (Btu/ft2-hr-°R).

(See Reference 7)

Free convection heat transfer coefficientfor spheres

(turbulent region) -- 0.25 (/_T)1/4 (Btu/ft2_hr_OR).

(See Reference 7)

Surface area of forward interstage- 6118 sq. ft.

Surface area of upper bulkhead of LH 2 tank-- 6210 sq. ft.

Thermal conductivity of cork--0. 0103 (Btu/ft-hr-°R)

Cork thickness (feet)

The mean compartment gas temperature, Tg, is determined by using the equation

Awh (Tw-Tg) = Ahh 2 (Tg-T a)

Assuming a wall temperature of 560°R and applying the heat transfer coefficients

explained in the nomenclature give a mean Tg of 378°R.
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K c (Ta-Tprop)
1c - = 0.11 inch

h 2 (Tg-Wa)

3.2.10.5.2.3 Aft Bulkhead

The heat balance equations to determine the minimum insulation requirement to

prevent liquefaction of air are:

Total heat input = Awh 1 (Tw!-Tg)

Awhl (Twl-Wg) = Aoh 2 (Wg-Ww_ + Ahh 2 (Wg-Tw 2)
K

c_%
Ahh2 (Wg-Ww2) = Ah lc (Ww2-Tpr°_

where Twl, Tw2, Tg, Tprop, hl, h2, Kc, and 1c are values defined in

3.2.10.5.2.2.

A w = Surface area of intertank--12,111 sq. ft.

A o = Surface area of forward bulkhead of L• 2 tank-- 6210 sq. ft.

A h = Surface area of lower bulkhead of LH 2 tank -- 6690 sq. ft.

Tw3 = Wall temperature of L• 2 tank--143°R

Assuming Twl = 560°R, the mean compartment gas temperature, Tg, is

determined from

Awhl (Twl-Tg) = Aoh 2 (Tg-Tw 3) + Alh 2 (Tg-Th2)

\4/5

t 0_0Aw_:

Tg = 374°R

The minimum cork thickness is

Kc (Tw2 - Tprop /
l c =

0.25 (Tg - Tw2).

= 0.00954 foot

= 0.12 inch
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Insulation thickness on the liquid hydrogen tank sidewalls and bulkheads was

optimized for a system in which the hydrogen is warmed during flight until the

fuel temperature raises to the level that boiloff commences (vapor pressure of

the hydrogen equals the internal tank pressure). Any further heat input creates

boiloff, which is vented overboard. The following items were considered for

various cork thicknesses in the optimization process:

• Insulation weight.

• Attachment weight n 0. 104 lb/ft 2 of adhesive and mylar.

• Boiled-off fuel that must be vented overboard.

• Increased tank weight to handle volume of boiloff.

• Increased tank weight to handle volume change due to density decrease in the

fuel during first-stage flight.

3.2.10.5.3.1 Sidewalls

Insulation thickness for the sidewall was determined by the optimization proce-

dure shown in Figure 3.2.10-12. A transient analysis using an IBM 7090 digital

computer was performed to determine heat flow into the hydrogen during boost

flight. These results for various cork thicknesses are presented in Figure

3.2.10-13. The aerodynamic heating is based on data in Figures 3.2.10-9
and 3.2.10-10.

The insulation thickness is considered constant over the entire tank sidewall,

since variation in aerodynamic heating along the tank is negligible.

3.2.10.5.3.2 Bulkheads

Analyses were conducted using the minimum insulation thicknesses dictated by

requirements shown in 3.2.10.5.2 for preventing liquefaction of air. These

results showed that heat flow through the bulkhead and insulation during boost

flight is insignificant. Thus, no additional insulation is required on the bulkheads.

3.2.10.5.4 Boiloff

Boiloff rates while the vehicle is on the launch pad were determined as a function

of insulation thickness. Data for boiloff are given in Figure 3.2.10-14 for

forced convection due to a 20-mph wind velocity. The heat transfer coefficients

used are based on equations in 3.2.10.3.1.

The design gages of cork for the bulkheads and tank walls are shown. The side-

wall thickness results from optimization to minimize total launch weight. The

bulkhead gages are dictated by requirements to prevent liquefaction of air.
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3.2.11 Design Configuration

3.2.11.1 Introduction

Preliminary design drawings describing the final study vehicle structure and

system concepts are presented in this section. The drawings and accompanying
text summarize the results of the detail analyses conducted on the current tech-

nology vehicle. Advanced technology vehicle data is presented in Section 4.0.

3.2.11.2 Summary

The general arrangement of the fi_nal design vehicle in Fig_are 3.2.11-1 shows

the overall vehicle and the relative size and the location of major components
and subsystems.

Briefly, the first stage uses six 260-inch-diameter motors arranged in a circular

pattern. All motor nozzles are gimbaled for vehicle attitude control. The motors

are linked together at the base skirts and tied or assembled at their upper ends to
a cross-beam cluster structure.

The 70-foot-diameter second stage consists of two independent tanks to contain

the liquid oxygen and liquid hydrogen propellants. A cylindrical fairing connects

the two tanks. The second stage is supported by a transition section interstage
that matches the peripheral shape of the first-stage motor cluster structure.

Five M-1 engines are mounted on a conical thrust structure. The engines are

arranged in a cruciform pattern. The four outer engines are canted inward at

the base to provide maximum clearance during single-plane separation of the

first stage. After separation, the engines are programmed to gimbal as required.

A transtage propulsion system is located between the second stage and the payload.

The system is composed of two independent storable-propellant propulsion units

located 180 degrees apart. These engines are also canted inward for maximum

clearance during second-stage separation. Each propulsion system is mounted

on a relatively short length of interstage structure that remains attached to the

payload until the time of transtage jettison.

Separation control rockets, retro and ullage, are mounted externally on the inter-

stage structures. All rockets are housed in aerodynamic fairings except the

first-stage retrorockets, which are in the aerodynamic shadow of the second

stage. Nozzle closures are assumed on first-stage retrorockets.

Command destruct and telemetry antennas are shown on the first-to-second-

stage interstage and on the second-stage-to-payload interstage. Transtage
antenna requirements have not been defined.

Preliminary design drawings of the final vehicle are presented and described in

the following section. Refer to the appropriate sections of the report for design
analyses and detail system descriptions.

1/I-307

!



• . -. • .-- 2 •.-"•"
0• ••Q •Q •• • • •

3.2. ii.3 Design Conclusions

First Stage--In general, the first stage structural design of the T65 vehicle is

an extension of the concept established for the 500K vehicle of the previous

study increment (Reference 1). However, certain configuration differences

have introduced changes in the governing design factors, as noted below.

The elimination of the fixed-cant requirement on the nozzles of the T65

vehicle permitted simplification of the base structure. In contrast, the use of

six motors instead of four caused design problems in the carryover of the cross-

beam cluster structure. Due to the short study time period, design consistency

with the 500K vehicle was adhered to as closely as possible to take advantage

of previously established design data. The resulting structure is more compli-
cated than the 500K structure and more difficult to fabricate in some areas.

Second Stage m On the basis of a structural tankage trade study (see 3.2.8.3)

and other considerations, the liquid oxygen is contained in a tank that is approxi-

mately 35-percent oversize. Additional and more rigorous studies may show

vehicle improvements if (1) the tank is not off-loaded (e. g., use smaller diame-

ter tank with conical support structure), (2) dual-plane separation is employed,

or (3) the separation plane is moved forward of illustrated position. The sepa-

ration plane can be moved only if the smaller oxygen tank is supported by a

conical-shaped structure that extends further forward on the 70-foot-diameter

shell.

Structural and manufacturing analyses have substantiated all structural con-

cepts illustrated in the section; however, design simplification improvements
could have been made had not time and certain design assumptions imposed

restraints that limited the scope of the investigation and incorporation of design

improvements.

3.2.11.4 First-Stage Design Features

Figure 3.2.11-2 illustrates the major design features of the first-stage cluster
of six 260-inch-diameter solid motors. The motors are arranged in a circular

cluster and were spaced to (1) minimize "hammer head" effect, (2) provide

nozzle gimbat envelope clearance with structure, and (3) allow adequate space

and clearance for vehicle support and leveling packs provided in the launch

platform. The structural analysis of each of the structures is presented in

3.2.8.6.4.

3.2.11.4.1 Motor Base Support Skirt

Each motor base support skirt embodies three support pads, equally spaced

about the motor axis. A hole is provided in the lower face of each pad to accom-

modate an indixing pin atop each support jack (see Section 3.1.9).
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A welded aluminum structure of the "inverted A-frame" type carries the static

loads from each pad into the support skirt. The support skirt is constructed of

reinforced aluminum honeycomb and is flared to provide gimbaling clearance

for the nozzle. Steel frames are provided at the top and bottom of the skirt to

react the tangential loads introduced by the vertical support legs. Cutouts are

made in the skirt for the legs, and splice fittings are used at the cutout points

to maintain structural continuity. An aerodynamic fairing is provided over the

outboard support legs.

The vehicle standing loads are transmitted through the support frames and skirts

into the lower skirt extensions. These cylindrical aluminum structures are of

the stiffened skin type and are reinforced with tapered longerons opposite the

support leg termination points; splice fittings again provide structural contin-

uity at the leg-longeron joints.

3.2.11.4.2 Clustering Structure

The first-stage clustering tie (Figure 3.2.11-3) is accomplished with an integral

cross-beam structure at the forward end of the cluster and interlateral linkage

members at the lower end. Previous parametric study (Reference 1) has shown

this concept to be lighter and more efficient than other types.

The cross beam is an assembly of built-up aluminum box sections supplemented

by six skirt extensions of reinforced aluminum skin and stringer construction.
The latter components increase the bending stiffness of the cluster structure

and provide a geometrical transition from the circular motor skirts to the

cross beam. Bending continuity is effected between the skirt extensions and

cross beam with stringer butt joint fittings and overlapping attachments to the
beam members.

The clustering tie is completed with laterally positioned aluminum box section

links located at the support-skirt/skirt-extension interface at the lower end of
the cluster.

3.2.11.4.3 External Insulation

Base heat protection is provided by a centrally located honeycomb shield sup-

ported from the inboard base structure by aluminum cross beams. The outer

face of the shield and all surfaces, including the motor nozzle, within the con-

fines of the support skirts are protected with a phenolic nylon-type thermal in-

sulation (see 3.2.8.6.4 and 3.2.10.2).

3.2.11.4. 4 Motor Description

The solid rocket motor cases are fabricated of welded sections of 18-percent

nickel alloy steel and mar-aged to 250,000 psi ultimate tensile strength (see

3.4.1.3.3). A bolted closure joint is used to attach the nozzle assembly to the
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case. The propellant grain is monolithic with a seven-point star perforation.

(See Figure 3.2.11-2 for motor case thicknesses and joint design features.)

A monocoque stub skirt is provided at each end of the motor for mechanical

attachment of cluster and base skirt structure.

3.2.11.4.5 Thrust-Vector-Control System

Thrust vector control during first-stage flight is provided by omniaxis gimbaling

of the solid rocket nozzles. Dual hydraulic actuators deriving power from a

solid propellant gas generator furnish the required control force to each nozzle.

Actuation force requirements are reduced to a minimum through the use of full-

length aerodynamic fairings at the outer periphery of the cluster (see Sections

3.1.3 and 3.i.4).

3.2.11.5 Second-Stage Design Features

3.2.11.5.1 Tankage

The tankage arrangement is shown in Figure 3.2.11-4. The propellants are

contained in separate aluminum tanks, with the oxygen located aft. The lower

heads of each tank are 0.80 to 1.0 ellipsoids and the upper heads of each tank

are 0.70 to 1.0 ellipsoids. All heads are aluminum, mill tapered for minimum

weight. Thickened land sections are provided at all weld joints. Y rings are

used at the junction of the head and the cylindrical portion of the tankage. Short

cylindrical aluminum waffle stub skirts are welded to the Y rings and provide

the means to mechanically attach to adjacent structure. Waffle construction

was employed here in preference to skin-stringer-frame construction to mini-

mize weight and to eliminate a somewhat difficult design problem relating to

stringer termination and frame requirements near the tank head and sidewall

junction. A dual-purpose interstage field splice and transportation support

ring are provided in the lower skirt of the oxygen tank. The cylindrical portion

of the hydrogen tank is the only area of either tank requiring stiffening. The

hydrogen sidewalls are of milled skin-stringer-frame construction. The skin

and stringer thicknesses are varied locally to properly match the Y rings.

The entire LH 2 tank is insulated with mylar-covered cork.

3.2.11.5.2 Intratank and Skirt Extensions

Conventional aluminum built-up skin-stringer-frame construction is used in
these areas. Other methods of construction were not evaluated. These struc-

tures are mechanically attached to the waffle stub skirts previously mentioned.

The oxygen tank skirt extends down to the point of attachment of the conical

thrust structure and interstage structure.

The upper skirt of the hydrogen tank extends up to attach to the payload and to

support the transtage propulsion systems. Two short cylindrical, monocoque

sections are provided in this stringer-frame-stiffened structure to facilitate,
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simplify, and reliably effect a linear-shaped charge separation of (1) second

stage tankage, and (2) transtage propulsion and supporting structure.

3.2.11.5.3 Slosh and Antivortex Suppression

Stiffened aluminum cones, perforated with small holes, were assumed in this

design. In-house studies and coordination with the Martin Company have indi-

cated this design may be acceptable; however, insufficient data is available to

define the detail requirements. Antivortex provisions include a number of

radial baffles located between propellant outlets. The baffles are covered by

a circular plate that also serves to prevent geysering during propellant loading.

3.2.11.5.4 Thrust Structure

The five M-1 engine thrust structure is an aluminum cone frustum (Figure

3.2.11-5). Construction is conventional skin-stringer-frame. Each end of the

frustum terminates with a relatively heavy frame to react kick-loads. The

four outer engines are mounted at the periphery of the cone. The center engine
is mounted on a cruciform beam network that extends to the cone side walls.

The beams are built up with web stiffening. Upper and lower longerons com-

plete the assembly. Tapered longerons are used locally at each engine mount

location to help distribute the thrust loads into the cone skin and beam webs.

Cutouts are provided in the cone for engine propellant feed lines. Design details

of the base heat shields were not completely resolved; however, for weight

estimation purposes, the shield was assumed to be mounted directly on the cone

at the engine mount location. (See 3.2.8.6 for structural analysis and trade

studies on the thrust structure and 3.2.10.2.3 for phenolic nylon insulation

requirements. )

3.2.11.5.5 Interstage Structure

The interstage (Figure 3.2.11-6) is an aluminum skin-stringer-frame structure.

The interstage provides the load path between the first and second stage in a

smooth transition from the hexagonal shape of the first stage to the circular

shape of the second stage. A mechanical attachment joint is provided at the

lower and upper ends for assembly to the cluster structure cross beam and the

second stage. The interstage remains attached to the first stage at separation.

The separation plane is located in the structure immediately forward of the

inter s t age.

Access doors are provided for servicing equipment inside the structure. The

six first-stage retrorockets are mounted near the lower edge of the interstage

(Figure 3.2. ll-l). The structural analysis of the interstage is presented in
3.2.8.6.4.
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3.2.11.5.6

:i!! :i!:?. ::":!!"
Second-Stage Subsystems

The inboard profile of the second stage is shown in Figure 3.2.11-7. (Refer to

3.2.3.4 for detail description and design features of subsystems. ) Second-stage

propulsion is provided by a cluster of five M-I engines. The cluster arrange-

ment consists of one engine at the vehicle eenterline, axially aligned and sta-

tionary. The four outer engines are mounted on a 520-inch-diameter circle

(90 degrees on centerlines). These outer engines are canted inward 7.5 degrees

during first-stage operation. Immediately after separation the engines are free
to gimbal as required.

The propellants are contained in two independent tanks. The liquid oxygen tank

is located below the hydrogen tank. The tanks are prepressurized with ground-

supplied helium prior to flight. Gaseous hydrogen and gaseous oxygen are used

for tank pressurization throughout second-stage flight. Heat exchangers loc-
ated on the center engine supply the pressurants.

The propellant feed lines from each tank are 19.5 inches in diameter. Each

line consists of rigid ducting, flexible bellows, gimbal joints, a prevalve, and a

pressure-volume compensating duct. The liquid-hydrogen lines are routed

through tunnels in the liquid oxygen tank to each engine. The oxygen lines extend
from the bottom of the oxygen tank to each engine.

Tanking and draining of the tanks is accomplished through a single line per tank.

The hydrogen line is 20 inches in diameter and the oxygen line is 24 inches in

diameter. A special telescoping or equivalent-type section of ducting appears

necessary when lines are routed through the engine thrust structure to the

periphery of the vehicle in the interstage area. Without such a device, line

routing, stage separation, and umbilical concepts will be adversely affected.

Each tank is vented using two large vent valves and one small vent or relief

valve for the flight mode. Vent line diameters are 20 inches for hydrogen and

9 inches for oxygen. The small flight vent in each tank is 2 inches in diameter.

The gaseous hydrogen will be ducted away by a connection to the umbilical be-

fore flight. Gaseous oxygen is vented into the atmosphere on the vehicle side
opposite the umbilicals.

Ullage and retrorockets and the transtage propulsion systems have been des-

cribed in other sections. For detail characteristics of these components refer
to the related text.

3.2.11.6 Transtage

The transtage of the T65C vehicle consists of two propulsion packages placed

between the top of the second-stage hydrogen tank and the bottom of the 567-

kilometer-orbit payload, along the upper skirt of the hydrogen tank. This arrange-

ment permits utilization of the space between the upper dome of the hydrogen
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tank and payload without the necessity of lengthening the second-stage payload

inter stage . The arrangement of the transtage propulsion units is shown in

Section 3.2.3, Figure 3.2.3-14. The two propulsion systems are pressure-fed

storable engines each having 50,000 pounds thrust and are described in detail in

3.2.3.5. The transtage propulsion system has 77,000 pounds of N2H4-UDMH

(50-50)/N20 4 propellant and has a stage mass fraction of 0.81. Performance

of the transtage is discussed in 3.2.2.4.

3.2.11.7 Direct Escape Payload

A third stage, used for a direct escape mission with the first and second stages

,,,-_the _'_=_u_C "'_"_-'w_,.,e, "+_,_,l,_cs__ LO2/LH 2 _.-....._,---11""+ _,,a is po ......... _,_d by _,_. __ J-2

engines. The third stage attaches to the forward skirt of the second-stage

hydrogen tank where a stiffened cone forms a transition from the 70-foot-

diameter second stage to the 40-foot-diameter third stage as shown in Figure

3.2.3-19. A 40-foot-<tiameter 0.8 ellipsoidal hydrogen tank is attached to the

top of the interstage cone by a short skirt. The oxidizer tank is a 26-foot-

diameter 0.8 ellipsoid mounted under the hydrogen tank and supported by a J-2

engine thrust cone. Performance of the escape stage is discussed in 3.2.2.6.

The escape stage propulsion system is presented in 3.2.3.6.

REFERENCES

1. SSD-TDR-62-144, "Study of Large Launch Vehicles Using Solid First-

Stages," Volume 4, Contract NAS8-2438, December 1962 (Confidential).
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Payload Growth Potential

3.2.12.1 Introduction

Vehicle payload growth can be shown in a variety of ways, such as by increasing
the number of M-1 engines in the second stage and restaging the vehicle, or in-

creasing first-stage burnout velocity with a large increase in first-stage size

thereby permitting the use of a lower thrust-to-weight ratio in the second stage.

Generally, such payload increases are obtained at a considerable compromise

in vehicle design, reliability, or performance efficiency.

Payload growth potential of the T65D vehicle was determined within the following

constraints. The number and diameter of first-stage solid motors were held

constant. The number of second-stage engines and second-stage and payload

diameter were held constant. A maximum dynamic pressure of 950 psf was

maintained. A 20-percent increase in M-1 engine thrust was assumed consistent

with a vehicle growth development program. The approach by which payload

growth is shown is generally conservative in retaining the basic vehicle design

together with good performance efficiency.

3.2.12.2 Summary

Vehicle T65D has a payload growth capability to 1,460,000 pounds into a 225-

kilometer orbit or an increase in payload of 25.3 percent over the preliminary

design vehicle. The growth vehicle has a launch weight of 42,500,000 pounds,

giving a launch-to-payload-weight ratio of 29.1 as compared with 32.7 for the
T65D vehicle. Second-stage growth is limited by second-stage thrust-to-weight

ratio. First-stage growth is limited by maximum dynamic pressure and second-

stage growth.

3.2.12.3 Vehicle Description

The payload growth version of vehicle T65D has an overall length of 611 feet or

an increase of 76 feet over the preliminary design vehicle. This increase in

length is distributed as follows. The first stage was increased by 37 feet, the

second stage hydrogen tank increase was 14 feet, and the payload became 28 feet

longer. The increase in payload length assumes a 567-kilometer orbital pay-

load of 1,341,000 pounds, using a transtage similar to that of the T65D vehicle.

This vehicle has an estimated first-mode bending frequency of 1.15 cycles per

second. The first stage was penalized to allow for an increase in motor case
thickness to handle increased buckling loads. Motor operating chamber pres-

sure was limited to 800 psia.

3.2.12.4 Performance Analysis

Performance has been determined for a growth configuration of the baseline

vehicle. Five uprated M-1 engines are used in the second stage. Each engine
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produces a vacuum thrust of 1.8 million pounds with a vacuum specific impulse

of 426.5 seconds. The first-stage solid motors have a nominal sea level specific
impulse of 238 seconds.

The effect of increasing first stage propellant loading was examined. At a con-

stant chamber pressure, an increase in solid-propellant loading causes increases

in thrust, launch weight, and payload. Two considerations limit the propellant

that can be used in the first stage. These are the maximum dynamic pressure

limit of 950 psf and the minimum permissible second-stage thrust-to-weight
ratio.

I

I

I

I
For large solid-propellant loadings, maximum payload tends to occur at burnout

velocities which give excessively high maximum dynamic pressure (qmax). To

reduce qmax to 950 psf at a specified first-stage propellant weight, the burnout

velocity must be reduced by adding additional second-stage weight. However,

since second-stage thrust is fixed, this additional weight leads to an unacceptably

low second-stage thrust-to-weight ratio. These considerations place an upper

limit on solid-propellant weight of about 27,000,000 pounds when upper-stage

thrust is limited to five uprated M-1 engines. A second-stage thrust-to-weight

ratio of 0.74 is about the minimum acceptable value. Using first- and second-

stage mass fractions of 0. 8896 and 0. 9235 gives a growth vehicle launch weight

of 42,500,000 pounds. First-stage motors produce a total thrust of 61,200,000

pounds. This vehicle has a payload capability of 1,460,000 pounds into a 225-
kilometer orbit.

3.2.12.5 Propulsion System Growth

The potential for increasing the impulse delivered by the first and second stages

was briefly examined. The following paragraphs present the results of an ana-

lytical study of first-stage motor growth, and an estimate of the characteristics

of an M-1 engine uprated to 1.8 million pounds vacuum thrust.

I

I

I

I

I

I

I
3.2.12.5.1 First-Stage Motor Growth

Higher delivered impulse is most economically achieved in a production solid-

propellant motor by increasing propellant weight and motor case cylindrical

length while maintaining grain configuration and design pressure. This confines

major modifications to the nozzle. An eventual limit is imposed on this growth
by propellant erosive-burning effects at low port-to-throat-area ratio. While

this degrades the stage performance only slightly, it does cause early burnout

of the aft portion of the propellant grain, and longer tailoff time. A port-to-

throat-area ratio of 1.3 was arbitrarily selected as the lower limit in this
study.

I

I

I

I
If other factors such as motor processing facilities or vehicle body bending

frequency limit motor length, the alternative path to increased impulse is

through higher chamber pressure. In this case, a slight modification of the
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ating environment is imposed on the nozzle, and heavier case wall thicknesses

would be necessary. The shape of the thrust-time trace of the motor would

remain essentially constant unless the grain configuration were altered. These

considerations generally apply to the case of a constant first-stage velocity
increment.

Assignment of a lower velocity increment to the first stage of a heavier vehicle

at the same maximum dynamic pressure would require higher thrust and shorter

burn time of the first stage. This requirement could be met by increasing the

propellant burning rate and maintaining the same grain configuration. Either

the nozzle throat area or the operating pressure would have to be increased.

Moderately higher propellant burning rates than the O. 5 ....inches/second used in

the T65 motor are currently available.

A higher first-stage velocity increment imparted to a heavier vehicle at the

same maximum dynamic pressure would require both higher thrust and longer

burn time of the first stage. This, in turn, would require both propellant

reformulation and higher pressure or larger throat area of the constant-section
motor.

I
I

I

The use of higher performance propeiiant as a means of achieving i_g'ner first-

stage performance was not considered in this study. While several approaches

are now being investigated in ARPA-sponsored programs, all involve materials

requiring substantially different processing techniques and leave unanswered

the serious question of operational safety. The slight theoretical growth remain-

ing for hydrocarbon-aluminum-ammonium perchlorate systems in general re-

quires higher solids loading than propellant of the performance assumed. This

in turn means more difficult processing.

I
I
I

I
I
I

I

First-stage motor growth data, calculated for motors of constant propellant

type and grain configuration, are shown in Figure 3.2.12-1. Sea-level thrust,

motor-case length-to-diameter ratio, and pert-to-throat-area ratio are plotted

as functions of propellant weight for several values of nominal maximum head-

end pressure. Corresponding maximum expected operating pressures (MEOP)

are 630, 840, and 1050 psia, respectively. The difference between PFnmax

and MEOP (1.051 PFnmax) reflects the combined effects of expected motor-to-

motor variations and the operating ambient temperature range of 80 ± 20°F.

The T65 motor design points are shown. Maximum available expansion ratio

was assumed at each chamber pressure, using the same nozzle exit area as the
T65 motor.

These data indicate the flexibility of the basic motor design and a growth poten-

tial at 800 psia up to about 5.4 million pounds of propellant at an assumed mini-

mum port-to-throat-area ratio of 1.3. This is an increase of about 15 percent

in propellant weight and thrust. Propellant erosive burning was considered in
the computation of these data.
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Figure3.2.12-I FIRST-STAGE MOTOR GROWTH DATA
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Structural dynamic e_fects of the increased motor length are discussed in

3.2.12.6.

3.2.12.5.2 M-1 Engine Thrust Increase

Performance and weight data were estimated for an M-I engine uprated from

i. 5 to I. 8 million pounds vacuum thrust. This increase was assumed to be

achieved by operating the engine at higher mass flow rate and chamber pres-

sure.

Higher turbopump power-out will be required. At the same suction specific

speed, both oxidizer and fuel must operate at about 5-percent higher rpm. It
is ........ _3_mn_u that the pump volumetric capacity is adequate.

Weight of the uprated engine was estimated. Turbopump weight was assumed

to be proportional to pump horsepower to the 0.8 power. New thrust chamber

weight was calculated from an empirical relationship developed by Rocketdyne.

An additional allowance was made for increases in the weight of the injector

and miscellaneous items such as plumbing, gas generator, and engine controls.

A slight reduction in engine specific impulse is expected because of the pro-

portionateiy higher turbopump gas-generator fiow requirement and the reduced

dissociation in the nozzle at the higher chamber pressure. Overall dimensions

of the engine were assumed to remain unchanged.

Principal characteristics of the uprated engine are as follows:

Thrust Chamber Pressure, Dry Wt. Nozzle Engine

(vac., Ibs. ) (psia) ( lbs. ) Expansion Ratio I.qp. (sec.).

i.8 x 106 1200 23,600 40 426.5

3.2.12.6 Structural Limits

In most structures a structural limit cannot be defined exactly because as more

strength is required more structure can be added. Therefore, the structural

limit can be defined only by the decision that the extra weight is not justified by

either performance or cost. This discussion will, therefore, be limited to

defining the areas where additional structure will be required if growth is desired.

The vehicle diameter is fixed; therefore, growth will occur by increasing vehicle

length. The increase in vehicle length will produce larger bending moments,

which will require an increase in gages of all bending material mparticularly

the hydrogen tank and transtage transition section. Increased axial loads will

also result from the larger weight and thrust. This increases interstage and

clustering structure weight. Fluid head pressures and, therefore, skin gages

will increase in the second stage due to the greater fluid depth.
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Motor-case skin gage increases will be required to carry the greater launch

weight.

The first-mode frequency will approach 1 cps at a vehicle fineness ratio of

approximately 9.
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